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South ChinaEarly Paleozoic amphibolite- to granulite-facies metamorphism, crustal anatexis and coeval magmatism are ex-
tensively developed in the Wuyi–Yunkai intraplate orogen in the South China block. However, the exact timing
of granulite-facies partial melting and its link with orogenesis have not been well constrained. In this study, the
charnockites, gneissic migmatites and Al-rich gneisses (Grt–Sil–Bt gneiss and Bt–Pl gneiss) from the Gaozhou
Complex of the Yunkai uplift in the Cathaysia block were selected for the analysis of whole-rock major elements
and zircon U–Pb dating, trace elements and Lu–Hf isotopes. The Gaozhou Complex experienced early Paleozoic
regional high-temperature (up to 850 °C), low- to medium-pressure (4–7 kbar) metamorphism accompanied
by crustal anatexis. The melts were produced through the dehydration of mica, such as biotite +
quartz + plagioclase = orthopyroxene + K-feldspar + melt and biotite + quartz + plagioclase + sillimanite =
garnet + K-feldspar + melt in the charnockites, and muscovite + quartz + plagioclase = sillimanite +
K-feldspar + melt in the Grt–Sil–Bt gneisses. The charnockites, gneissic migmatites and gneisses are felsic
with SiO2 > 64% and peraluminous with A/CNK > 1.0, reﬂecting protoliths with afﬁnities to sedimentary
rocks. Zircons from these rocks partly show clear core–rim structure and yield concordant ages mainly around
440–425 Ma, with minor groups at 2.8–2.4 Ga, 1.5–1.25 Ga, 1.2–0.9 Ga, 850–540 Ma and 460–450 Ma. The
440–425 Ma grains are euhedral, oscillatorily-zoned and have steep slopes from the LREE to the HREE with a
positive Ce anomaly and clear negative Eu anomaly, suggesting they (re-) crystallized in the melts. These early
Paleozoic zircons have negative εHf (t) (−34.1 to −1.5) and much older TCRUST (3.6–1.5 Ga), demonstrating
they were formed by re-melting of old crustal materials (>1.5 Ga). The zircons with ages of 2.8–2.4 Ga, 1.6–
1.2 Ga and 1.2–0.9 Ga have relatively high εHf (t) values (up to +10.2–+15.2). The 850–540 Ma zircons show
variable εHf (t) values of +9.0 to −24.0 with TDM (depleted mantle Hf model ages) = 2.2–1.0 Ga and TCRUST
(crustal Hf model ages) = 3.1–1.1 Ga. Combined with the published data, we suggest that the Cathaysia block
contains Archean materials as old as 3.6 Ga and has had a complex evolution, including the addition of juvenile
materials at ca 2.7 Ga, 1.6–1.2 Ga and 1.2–0.9 Ga. Reworking of old crustal components dominated at ca 850–
750 Ma, 750–540 Ma, 460–450 Ma and more intensively at ca 440–425 Ma. Synthesizing the obtained results,
we argue that the Yunkai charnockites, gneissic migmatites and Bt–Pl gneisses were formed due to the early Pa-
leozoic high-T crustal anatexis, which may have been triggered by crustal shortening and thickening during the
intraplate Wuyi–Yunkai orogeny in the South China block.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Crustal differentiation is mainly achieved through partial melting
and segregation of felsic melt from more maﬁc residue (Brown and
Rushmer, 2006; Hawkesworth and Kemp, 2006; Kemp et al., 2007). Iniences, Wuhan 430074, China.
.V. Open access under CC BY-NC-ND lcontinental collision belts, regional high-grade metamorphism accom-
panied by crustal anatexis has long been of interest to petrologists
(e.g. Brown, 1994; Sawyer, 1998). Crustal anatexis, represented by
the presence of granitic melts or formation of migmatites, is common
and plays an important role in regulating the tectonic evolution of
large-scale orogenic belts (Beaumont et al., 2001; Brown, 2007; Grujic
et al., 2002; Hollister, 1993; Zeitler et al., 1993). To understand the
thermal and mechanical signiﬁcance of crustal melting in orogens, it is
crucial to determine the timing of magmatic and metamorphic events
associated with the tectonic evolution of orogenic crust (Whitney et
al., 2003). However, it is difﬁcult to constrain the exact geochronology
of crustal anatexis, partly because of the high temperature andmultipleicense.
125D. Wang et al. / Lithos 175–176 (2013) 124–145episodes of metamorphism (Foster et al., 2001). In-situ U–Pb dating of
zircon, combined with analysis of Hf isotopes, has been developed not
only to trace rock origins and the evolution of crust and mantle
(Amelin et al., 2000; Grifﬁn et al., 2000, 2002), but also to reveal the pro-
cesses involved in the generation of crustal partial melts (Flowerdew et
al., 2006).
The early Paleozoic Wuyi–Yunkai orogen covers the southeastern
half of the South China block (Fig. 1). It is considered to be one of
the few examples of an intraplate orogen in the world (Z.X. Li,
1998; Li et al, 2010) and is a key to understanding the formation
and evolution of East Asia, the process of intraplate orogenesis and
global early Paleozoic geodynamics (Li et al, 2010). Granitoids and
high grade metamorphic rocks occur widely in the Wuyi–Yunkai
orogen (e.g. Wang et al., 2011; Y.J. Wang et al., 2013; Yu et al.,
2009). The Gaozhou Complex in the Yunkai uplift (Fig. 1) is mainly
composed of high-grade metamorphic rocks (Wan et al., 2010
and references therein). It underwent extensive high-T, low- to
medium-P amphibolite- to granulites-facies metamorphism and
crustal anatexis in early Paleozoic time (Chen et al., 2012). This pro-
vides an opportunity to probe the relationships between regional
metamorphism, anatexis and intraplate orogeny. However, little
evidence of crustal anatexis, in terms of petrographic features and
melt-producing reactions, has been recognized in the Yunkai orogen-
ic belt. Especially, the timing of crustal melting and the constraints on
the intraplate orogenesis are still uncertain (Wang et al., 2007, 2011).
Following detailed petrographic observations, here we present the
whole-rock chemistry, and the U–Pb ages, trace-element andChang
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Fig. 1. Simpliﬁed regional map highlighting the regional extent of the early Paleozoic Wuyi–
2010; Shu et al., 2013). Distribution of “low-Nd model age belt” is based on Chen and Jahn (1
that the South China block is made of the Yangtze and Cathaysia blocks.Hf-isotope compositions of zircon from the charnockites, gneissic
migmatites and Al-rich gneisses in the Gaozhou Complex of the
Yunkai orogenic belt in the South China block. Our aims are: 1) to il-
lustrate the nature and source of the protoliths of the Gaozhou
Complex; 2) to recognize the possible melt-producing reactions and
the exact timing of crustal anatexis in the Yunkai uplift and 3) to
discuss the relationships between the early Paleozoic crustal anatexis
and the intraplate Wuyi–Yunkai orogen.
2. Geologic setting and sampling
The South China block consists of the Yangtze block in the north-
west and the Cathaysia block in the southeast (insert of Fig. 1): these
two blocks were amalgamated roughly along the Jiang Shao Fault
zone in early Neoproterozoic time (Charvet et al., 1996; Chen and
Jahn, 1998; Zhao and Cawood, 1999). The Nanhua Rift (or the Nanhua
rift basin) developed in the newly amalgamated South China block
from 850 to 750 Ma (Charvet et al., 2010; Li et al., 2005; Wang and
Li, 2003), evolved with a thick sedimentation in its middle part until
the Ordovician. The early Paleozoic Wuyi–Yunkai orogeny closed
the Nanhua Rift (Z.X. Li, 1998; Li et al., 2003; Wang et al., 2007).
This orogen covers the southeastern half of the South China block,
stretching for ~2000 km in a northeasterly direction (Fig. 1, Ren et
al., 1999). Due to the lack of early Paleozoic ophiolitic rocks or arc
magmatism (Charvet et al., 1996; Shu et al., 1991), the Wuyi–Yunkai
orogen is generally regarded as an intraplate orogen (Charvet, 2013;
Li et al., 2010; Wang et al., 2011). This is compatible with theWuhan
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126 D. Wang et al. / Lithos 175–176 (2013) 124–145geochemical signatures of the early Paleozoic granites, which have lit-
tle evidence for input from a subducting oceanic plate (Chen and
Jahn, 1998; John et al., 1990).
The Yunkai uplift is a part of theWuyi–Yunkai orogen and is located
in the western Cathaysia block (Fig. 1). It consists dominantly of
Neoproterozoic to early Paleozoic Yunkai supracrustal rocks, early Pa-
leozoic granites, late Paleozoic rocks, Mesozoic granites and minor Ce-
nozoic–Mesozoic sediments (Fig. 2, Wan et al., 2010 and reference
therein). The Yunkai supracrustal rocks are made of the Gaozhou
Complex and the Yunkai group. The Gaozhou Complex is composed
of charnockites, garnet–cordierite granulite enclaves and biotite–
orthopyroxene granulite enclaves, Al-rich gneisses (such as sillimanite–
garnet–cordierite gneisses, garnet–sillimanite–biotite gneisses, biotite–
plagioclase gneisses and andalusite–bearing gneisses), orthogneiss
and gneissic migmatites (Fig. 3, Chen et al., 2012). The charnockites
and gneissic migmatites are located in the core of the Complex, and the
margins are composed of gneisses, ranging from high-grade
(granulite-facies with mineral assemblages of Grt–Crd and Sil–Kfs) to
relatively low-grade metamorphic zones (amphibolite-facies with
assemblage of Grt–Bt) (Chen and Zhuang, 1994).
The major exposure of charnockites enclosing elongated enclaves
of Bt–Opx granulite is located in the Longxiu–Yunlu section of
the Gaozhou area, ca 4–5 km south of the Gaozhou Reservoir, as a
lenticular body (~11 km2) in the surrounding orbicular gneissic
migmatites (Fig. 3). Due to thick vegetation, it is difﬁcult to ﬁnd
the exact contact relationships between charnockites (i.e. samplesFig. 2. Structural geological map of the YunkGZ0301, GZ0302 and GZ0303) and gneissic migmatites (i.e. samples
GZ0304, GZ0307, GZ0701, GZ0703 and GZ0705). The orthogneisses
and associated Grt–Crd granulites are found to the south and east
of the Gaozhou Reservoir. Some alternating layers of marble and
skarn occur between the charnockite and the orthogneiss. Al-rich
gneisses including Bt–Pl gneiss (i.e. samples GZ0101 and GZ0102)
and Grt–Sil–Bt gneiss (i.e. sample GZ0201) are distributed to the
west of the charnockite body and contain different proportions of
migmatization leucosomes.
3. Petrography
Frost and Frost (2008) suggested that the term “charnockite” be
restricted to an Opx-(or Fayalite-) bearing granitic rock that is clearly
of igneous origin or that is present as an orthogneiss within a granu-
lite terrane. This deﬁnition also included Opx-bearing granitoids that
are clearly igneous and those where the origin of the Opx is uncertain
(metamorphic or magmatic). Microstructures consistent with partial
melting are present in the Yunkai charnockites, gneissic migmatites
and Grt–Sil–Bt gneisses. Detailed descriptions are given below.
3.1. Charnockite
The charnockites (GZ0301 and GZ0302) are mainly composed of
quartz (Qz, ~25%), plagioclase (Pl, ~25%), K-feldspar (Kfs, ~15%), biotite
(Bt, ~10%), orthopyroxene (Opx, ~15%), garnet (Grt, ~5%) and minorai uplift (modiﬁed after Lin et al., 2008).
Fig. 3. Geologic maps of the Gaozhou Complex within the Yunkai uplift (modiﬁed after Zhou et al., 1997) and the sampling position of the charnockite, Al-rich gneiss and gneissic
migmatite.
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Both melt-producing and melt-consuming reactions can be identiﬁed by
the petrography.
The Pl crystals tend to be rectangular, and locally they have
straight boundaries against Qz (Fig. 4a), which indicates that they
crystallized from a melt (Brown, 2002; Sawyer, 2001, 2008). The
K-feldspar occurs as large (2–6 mm) euhedral to subhedral crystals
that contain inclusions of Qz and Pl. Small Qz grains and a vermicular
intergrowth of Qz + Pl ﬁll the rest of the interstitial space (Fig. 4b).
The euhedral Opx is large (~3–5 mm) and contains rounded inclu-
sions of Qz (Fig. 4c). In contrast, grains of Opx in the Bt–Opx granulite
enclave (Chen et al., 2012) associated with this charnockite are small
(~0.3 mm). Therefore, the Opx in charnockites is interpreted as a
product of the partial-melting reaction, not as inherited residual
grains. The Grt also contains inclusions of Qz and is almost completely
surrounded by a very narrow rim of small crystals of Qz (Fig. 4d). Like
the Opx, the Grt and Kfs are interpreted to be the products of the
incongruent melting reactions (melt-producing reactions): Bt + Qz +
Pl = Opx + Kfs + melt, and/or Bt + Qz + Pl + Sil = Grt + Kfs +
melt. The granitic part of the neosomes is interpreted to have been
derived from the crystallization of anatectic melt and can be viewed as
an in situ leucosome. In contrast, the Opx, Bt and Grt are interpreted as
the solid products of the partial melting reactions, and represent the
residuum portion of the neosome.
A symplectite (Sym) of Qz + Bt replaces both Opx (Fig. 4e and f) and
Grt (Fig. 4g). This microstructure is interpreted to be the result of a later
reaction between Grt/Opx and the remaining melt such as
Opx + melt = Qz + Bt and Grt + melt = Qz + Bt (Kriegsman, 2001).
In addition, a later reaction rim of Grt1 + Qz is developed
between the boundaries of Bt/Opx and Pl (Fig. 4f and h). Grt1 of the
reaction rim has lower contents of MgO (XMg = 0.615–0.654) thanthe coarse-grained Grt (XMg = 0.58–0.589) (Chen and Zhuang,
1994), suggesting that the Grt1 + Qz reaction rim records lower
temperatures than the Grt produced through the melt-producing reac-
tions. Bt also encloses the remaining unreacted elongate Pl (Fig. 4h).
This reaction rim is interpreted as a local partial re-equilibration
under ﬂuid-absent conditions, through reactions such as Anorthite
(An) + Opx = Grt1 + Qz and An + Bt = Grt1 + Qz + Kfs.
3.2. Gneissic migmatite
Gneissic migmatites (GZ0307 and GZ0705) are composed of Pl
(~40%), Qz (~30%), Kfs (~15%) and Bt (10–15%). Compared with
charnockite, the gneissic migmatite (without Opx) has a relatively
high content of Kfs and Bt. The equants, subhedral to euhedral crys-
tals of Pl form a framework of touching crystals (Fig. 5a). The inter-
stices in the framework of Pl crystals are ﬁlled with Qz and Kfs
(Fig. 5a and b). The bulk composition of a plagioclase-rich portion
can be modeled as derived by the fractional crystallization of an
anatectic melt of granitic composition (Sawyer, 2008).
3.3. Al-rich gneiss
This lithology includes Bt–Pl gneiss and Grt–Sil–Bt gneiss. Bt–Pl
gneiss (i.e. sample GZ0101) mainly consists of ﬁne-grained Qz
(32%), Pl (27%), Bt (23%), muscovite (Ms, 8%), sillimanite (Sil, 5%)
and Kfs (5%). It contains crystals of Bt arranged in a systematic imbri-
cate or tiled pattern, with long axes at a low angle (Fig. 5c). Some of
the Ms (>1.5 mm) and Qz contain Fi (ﬁbrous sillimanite) (Fig. 5d).
Grt–Sil–Bt gneiss (i.e. sample GZ0201) mainly consists of
ﬁne-grained Qz (38%), Bt (20%), Sil (20%), Grt (7%), Kfs (10%) and Pl
(5%). It has a gneissic structure deﬁned by millimeter-thick layers of
Pl
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Fig. 4. Back-scattered electron (BSE) images and photomicrographs illustrating the textures observed in Yunkai charnockites. a: euhedral plagioclase and intersertal quartz inferred
to record crystallization from a melt; b: the crystal framework consists mostly of euhedral to subhedral plagioclase and K-feldspar, and the smaller quartz and a vermicular
intergrowth of Qz + Pl ﬁll the rest of the interstitial space; c: the large euhedral Opx (~3–5 mm) contains rounded inclusions of quartz, representing the product of incongruent
melting; d: the Grt is surrounded by a very narrow rim of small crystals of quartz; e and f: the reaction between the Opx and remaining melt or H2O that formed the symplectite
(Sym) of Bt + Qz; g: radiating clusters of Bt + Qz symplectitic intergrowth replace the Grt; h: the later reaction rim of Grt + Qz between the Opx/Bt and Pl.
128 D. Wang et al. / Lithos 175–176 (2013) 124–145prismatic Sil + Bt (Fig. 5e), which deﬁne a discontinuous foliation,
alternating with leucocratic layers several millimeters thick con-
sisting of Qz ± Kfs ± Pl (Fig. 5f). Grt porphyroblasts (1–2 mm) are
generally enveloped by the discontinuous foliation. In the leucocratic
layers, Qz occurs as elongated ribbons. The signiﬁcant melt-producing
reaction in the Grt–Sil–Bt gneiss is the dehydration melting of
muscovite. This reaction is responsible for the increase of the melt,according to Ms + Qz + Pl = Sil + Kfs + melt and the muscovite
has disappeared (Spear et al., 1999).
4. Analytical methods
Cathodoluminescence (CL) imaging, U–Pb dating (Table 1) and
trace element analyses (Table 2) of zircons were conducted at the
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Fig. 5. Back-scattered electron (BSE) images and photomicrographs illustrating the textures observed in gneissicmigmatite (GZ0307 and GZ0705), Bt–Pl gneiss (GZ0101) and Grt–Sil–Bt
gneiss (GZ0102). a and b: the quant, subhedral to euhedral crystals of plagioclase form a framework, and the interstices are ﬁlledwith Qz and Kfs in gneissicmigmatite; c: biotitewith long
axes at a low angle arranged in a systematic, imbricate or tiled manner in Bt–Pl gneiss; d: the Ms and Qz contain ﬁbrous sillimanite in Bt–Pl gneiss; e and f: themillimeter thick prismatic
Sil + Bt ± Grt layers alternating with leucocratic layers several millimeters thick consisting of Qz ± Kfs ± Pl in Grt–Sil–Bt gneiss.
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China University of Geosciences (Wuhan). The CL images were col-
lected on a JXA-8100 electron microscope. Laser sampling was
performed using a GeoLas 2005 laser ablation system. An Agilent
7500a ICP-MS was used to acquire ion-signal intensities. The laser
ablation used a beam diameter of 32 μm and detailed operating con-
ditions for the laser ablation system and the ICP-MS instrument and
data reduction are the same as described by Y.S. Liu et al. (2010).
Off-line selection and integration of background and analyzed sig-
nals, and time-drift correction and quantitative calibration for trace
element analyses and U–Pb dating were performed by ICPMSDataCal
(Y.S. Liu et al., 2010). Common-Pb corrections and ages of the samples
were calculated using ComPbCorr#3_17 (Andersen, 2002). Concordia
diagrams and weighted mean calculations were made using Isoplot/
Ex_ver3 (Ludwig, 2003).
Hf-isotope analyses were performed using a Resonetics Resolution
M-50 193 nm laser ablation system, attached to a Nu Plasma HR multi-
collector inductively coupled plasma mass spectrometer (MC-ICPMS)
at the Department of Earth Sciences, the University of Hong Kong.
Hf-isotope data reported in this study were obtained with a beamdiameter of 55 μm (GZ0301, GZ0302 and GZ0307)/40 μm (GZ0305),
pulse rate of 6 Hz/8 Hz and energy density of 15 J/cm2. Each analytical
spot was subjected to 20 ablation cycles, resulting in pits 20–40 μm
deep. Atomic masses 172 to 179 were simultaneously measured in
static-collection mode. Isobaric interference of 176Yb on 176Hf was
corrected against the 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002).
Interference of 176Lu on 176Hf was corrected bymeasuring the intensity
of the interference-free 175Lu isotope and using a recommended
176Lu/175Lu ratio of 0.02655 (Machado and Simonetti, 2001). External
calibration was made by measuring zircon standard 91500 and GJ-1
for the unknown samples during the analyses to evaluate the reliability
of the analytical data. Calculated model ages (Table 3) are based on the
depleted-mantle model described by Grifﬁn et al. (2000).
Major-element compositions of whole rocks (Table 4) were
analyzed by traditional X-ray ﬂuorescence (XRF) methods using a
Shimadzu Sequential 1800 spectrometer at the State Key Laboratory
of Geological Processes and Mineral Resources. Sixty-three standards
were used to construct the calibration curves. During the digestion of
the standards and samples, 0.5 g powder was mixed with 5 g com-
pound ﬂux (Li2B4O7:LiBO2 = 12:22) and a little LiBr (0.15 g/ml),
Table 1
Zircon U–Pb data of the charnockite, gneissic migmatite and Bt–Pl gneiss from the Yunkai uplift within the Cathaysia block.
Spot ID Zoning Shape Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U C*
Ratios 1σ Ratios 1σ Ratios 1σ Ages (Ma) 1σ Ages (Ma) 1σ Ages (Ma) 1σ
GZ0301 charnockite
1 O E 0.32 0.05549 0.00152 0.53709 0.01534 0.07003 0.00058 432 62 437 10 436 3 99%
2 W S 0.84 0.07069 0.00158 1.56011 0.03441 0.16036 0.00115 948 44 955 14 959 6 99%
3 O I 0.41 0.05560 0.00165 0.53734 0.01653 0.07017 0.00066 437 67 437 11 437 4 99%
4c P R 0.52 0.20184 0.00411 14.15020 0.25957 0.50846 0.00451 2841 34 2760 17 2650 19 95%
5 O R 0.37 0.05895 0.00185 0.57387 0.01794 0.07098 0.00070 565 66 461 12 442 4 95%
6 O I 1.09 0.05638 0.00182 0.51971 0.01687 0.06714 0.00058 467 71 425 11 419 3 98%
7 W S 0.58 0.05723 0.00205 0.58136 0.02040 0.07423 0.00080 500 75 465 13 462 5 99%
8 N R 0.50 0.05574 0.00204 0.52969 0.01826 0.06960 0.00074 442 75 432 12 434 4 99%
9c N R 0.30 0.05999 0.00117 0.78815 0.01547 0.09520 0.00069 603 40 590 9 586 4 99%
9r O E 0.23 0.05513 0.00133 0.53800 0.01367 0.07066 0.00063 418 54 437 9 440 4 99%
10 W E 0.63 0.05326 0.00182 0.51154 0.01664 0.07024 0.00077 340 71 419 11 438 5 95%
11c N R 0.30 0.06704 0.00098 1.07035 0.01774 0.11554 0.00095 839 31 739 9 705 5 95%
11r N R 0.24 0.05474 0.00169 0.53366 0.01706 0.07073 0.00068 401 70 434 11 441 4 98%
12c N R 0.30 0.08809 0.00146 2.08377 0.04245 0.17063 0.00177 1384 34 1143 14 1016 10 88%
12r W S 0.51 0.08898 0.00155 2.30849 0.08501 0.18415 0.00537 1404 44 1215 26 1090 29 89%
13c N R 0.63 0.07049 0.00111 1.51585 0.02443 0.15557 0.00103 943 31 937 10 932 6 99%
13r W R 0.21 0.06284 0.00176 0.73881 0.01967 0.08527 0.00072 703 61 562 11 527 4 90%
15c N I 0.09 0.05598 0.00122 0.51607 0.01194 0.06666 0.00069 451 47 423 8 416 4 98%
15r N R 0.54 0.05877 0.00272 0.60188 0.02898 0.07415 0.00082 559 105 478 18 461 5 96%
16c N R 0.35 0.07193 0.00106 1.44266 0.02164 0.14486 0.00078 984 29 907 9 872 4 96%
16r N S 0.18 0.06483 0.00222 0.97794 0.03519 0.10792 0.00160 769 71 693 18 661 9 95%
17c W E 0.63 0.05525 0.00166 0.54140 0.01636 0.07104 0.00061 422 66 439 11 442 4 99%
17r N S 0.32 0.05579 0.00102 0.54724 0.00992 0.07101 0.00046 444 38 443 7 442 3 99%
18 N E 0.20 0.05445 0.00180 0.52950 0.01723 0.07064 0.00068 390 71 431 11 440 4 98%
GZ0302 charnockite
1 N R 0.05 0.06507 0.00088 1.18839 0.01887 0.13178 0.00121 776 28 795 9 798 7 99%
2 W S 0.29 0.05512 0.00151 0.52384 0.01425 0.06887 0.00057 417 59 428 9 429 3 99%
4 O S 0.24 0.05542 0.00166 0.53847 0.01600 0.07027 0.00065 429 64 437 11 438 4 99%
6 O S 0.21 0.05538 0.00182 0.53765 0.01789 0.07010 0.00065 428 73 437 12 437 4 99%
7 O E 0.95 0.05523 0.00175 0.52852 0.01642 0.06927 0.00058 421 68 431 11 432 4 99%
8 O S 0.32 0.05764 0.00173 0.56219 0.01727 0.07027 0.00060 516 66 453 11 438 4 96%
9 W E 0.39 0.05832 0.00208 0.54970 0.01928 0.06842 0.00067 542 75 445 13 427 4 95%
10 O E 0.88 0.05756 0.00185 0.51962 0.01573 0.06563 0.00057 513 65 425 11 410 3 96%
11 W I 0.35 0.05766 0.00157 0.53479 0.01425 0.06718 0.00059 517 57 435 9 419 4 96%
12r N S 0.27 0.05659 0.00164 0.54885 0.01585 0.07020 0.00057 476 63 444 10 437 3 98%
12 W S 0.51 0.05549 0.00177 0.50639 0.01586 0.06617 0.00053 432 69 416 11 413 3 99%
13 P S 0.33 0.05515 0.00210 0.52904 0.01960 0.06992 0.00079 418 81 431 13 436 5 98%
14 N I 0.20 0.05733 0.00139 0.56670 0.01271 0.07183 0.00055 504 47 456 8 447 3 98%
15 N S 0.23 0.05649 0.00158 0.55258 0.01519 0.07094 0.00055 472 60 447 10 442 3 98%
16c O I 0.20 0.05976 0.00121 0.78437 0.01848 0.09455 0.00106 595 46 588 11 582 6 99%
16r N R 0.20 0.05839 0.00194 0.58549 0.01989 0.07237 0.00070 545 73 468 13 450 4 96%
17 W S 0.45 0.05825 0.00180 0.57568 0.01706 0.07179 0.00064 539 63 462 11 447 4 96%
18 O R 1.24 0.08185 0.00249 1.77262 0.05507 0.15644 0.00144 1242 60 1035 20 937 8 90%
19 O E 0.70 0.05623 0.00236 0.55500 0.02353 0.07150 0.00083 462 93 448 15 445 5 99%
GZ0307 gneissic migmatite
1 W S 0.32 0.05877 0.00133 0.67637 0.01418 0.08347 0.00070 559 50 525 9 517 4 95%
2c N I 0.16 0.06443 0.00173 1.05468 0.02571 0.11872 0.00135 756 58 731 13 723 8 88%
2r W E 0.08 0.05789 0.00108 0.58589 0.01062 0.07315 0.00056 526 37 468 7 455 3 97%
3 N R 0.01 0.05616 0.00299 0.29304 0.01456 0.03808 0.00049 459 109 261 11 241 3 92%
4 W E 0.77 0.05466 0.00128 0.51278 0.01219 0.06774 0.00057 399 51 420 8 422 3 99%
6c N R 0.53 0.06960 0.00113 1.50138 0.02515 0.15579 0.00117 917 32 931 10 933 7 99%
6r O S 0.19 0.06138 0.00125 0.88126 0.02456 0.10339 0.00201 653 44 642 13 634 12 98%
7 N R 0.39 0.17022 0.00374 8.54850 0.17134 0.36424 0.00326 2560 38 2291 18 2002 15 85%
8c N R 0.60 0.07577 0.00149 1.82223 0.03843 0.17348 0.00168 1089 38 1053 14 1031 9 97%
8r W S 0.01 0.05181 0.00115 0.30496 0.00707 0.04256 0.00044 277 49 270 6 269 3 99%
9 N R 0.63 0.05698 0.00141 0.55185 0.01361 0.07002 0.00057 491 53 446 9 436 3 97%
10c O R 0.28 0.07633 0.00201 1.72992 0.04117 0.16437 0.00185 1104 54 1020 15 981 10 94%
10r O S 0.03 0.05745 0.00116 0.60761 0.01283 0.07608 0.00060 509 44 482 8 473 4 98%
11 W R 1.04 0.06569 0.00145 1.20032 0.02677 0.13172 0.00102 797 45 801 12 798 6 99%
12 O S 0.64 0.05389 0.00179 0.53463 0.01780 0.07163 0.00058 366 74 435 12 446 4 97%
13 O E 0.38 0.05474 0.00143 0.53004 0.01343 0.07005 0.00060 402 55 432 9 436 4 98%
14 O E 0.34 0.05400 0.00150 0.51902 0.01406 0.06956 0.00055 371 60 424 9 433 3 97%
15 O E 0.43 0.05506 0.00138 0.52687 0.01324 0.06914 0.00057 415 54 430 9 431 3 99%
16 O E 0.48 0.05535 0.00163 0.53704 0.01499 0.07050 0.00070 426 60 436 10 439 4 99%
17 O E 0.74 0.05363 0.00195 0.51663 0.01896 0.06981 0.00078 356 81 423 13 435 5 97%
19 N I 0.21 0.05671 0.00125 0.56137 0.01322 0.07125 0.00060 480 50 452 9 444 4 98%
GZ0705 gneissic migmatite
1c N R 0.52 0.07091 0.00116 1.46281 0.02472 0.14890 0.00109 955 32 915 10 895 6 97%
1r W E 0.25 0.05791 0.00234 0.55031 0.02110 0.06924 0.00074 526 83 445 14 432 4 96%
2 O S 0.73 0.05669 0.00184 0.53717 0.01626 0.06911 0.00068 479 65 437 11 431 4 98%
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Table 1 (continued)
Spot ID Zoning Shape Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U C*
Ratios 1σ Ratios 1σ Ratios 1σ Ages (Ma) 1σ Ages (Ma) 1σ Ages (Ma) 1σ
GZ0705 gneissic migmatite
3c W E 0.18 0.05351 0.00084 0.54152 0.00873 0.07306 0.00050 350 34 439 6 455 3 96%
3r O E 0.16 0.05479 0.00124 0.55994 0.01287 0.07390 0.00066 404 49 451 8 460 4 98%
4c N I 0.08 0.05895 0.00122 0.71979 0.01400 0.08855 0.00063 565 46 551 8 547 4 92%
5c W R 0.67 0.06946 0.00190 1.47976 0.04043 0.15450 0.00125 912 55 922 17 926 7 99%
5r O E 0.43 0.06950 0.00155 1.40473 0.03116 0.14668 0.00117 914 44 891 13 882 7 99%
7 O E 0.63 0.05834 0.00152 0.56678 0.01473 0.07066 0.00070 542 54 456 10 440 4 96%
8c W S 0.32 0.05898 0.00131 0.63431 0.01552 0.07777 0.00076 566 50 499 10 483 5 96%
8r O E 0.65 0.05504 0.00141 0.52894 0.01379 0.06960 0.00059 414 56 431 9 434 4 99%
9 W S 0.75 0.05569 0.00177 0.53173 0.01735 0.06911 0.00063 440 71 433 12 431 4 99%
10 O E 0.54 0.05640 0.00203 0.54813 0.01856 0.07091 0.00070 468 73 444 12 442 4 99%
11 O E 0.17 0.05503 0.00097 0.56410 0.00990 0.07403 0.00059 414 36 454 6 460 4 98%
13c W R 0.49 0.05565 0.00094 0.56024 0.00957 0.07266 0.00047 438 36 452 6 452 3 99%
13r O E 0.19 0.05503 0.00163 0.54128 0.01553 0.07134 0.00055 413 68 439 10 444 3 90%
14 N R 0.20 0.05488 0.00110 0.57604 0.01226 0.07578 0.00062 407 45 462 8 471 4 98%
15 W I 0.61 0.05742 0.00183 0.56019 0.01761 0.07075 0.00070 508 67 452 11 441 4 97%
16 O E 0.21 0.05474 0.00092 0.55327 0.00926 0.07311 0.00050 402 35 447 6 455 3 98%
17 O E 0.22 0.05593 0.00110 0.56527 0.01124 0.07311 0.00049 449 43 455 7 455 3 99%
18 O I 0.61 0.05959 0.00200 0.58422 0.01917 0.07137 0.00066 589 70 467 12 444 4 95%
GZ0101 Bt–Pl gneiss
1 O S 0.05 0.05693 0.00137 0.54074 0.01351 0.06866 0.00061 489 53 439 9 428 4 97%
2 W E 0.18 0.05599 0.00140 0.52108 0.01344 0.06728 0.00058 452 55 426 9 420 3 98%
4c W R 0.57 0.06530 0.00141 1.19831 0.02828 0.13235 0.00132 784 46 800 13 801 7 99%
4r N R 0.07 0.05563 0.00174 0.54663 0.01747 0.07105 0.00069 438 69 443 11 442 4 99%
5 O E 0.43 0.05410 0.00152 0.51772 0.01487 0.06919 0.00064 375 63 424 10 431 4 98%
6 O E 0.34 0.05422 0.00101 0.57595 0.01092 0.07667 0.00057 380 40 462 7 476 3 96%
7c O R 2.46 0.06500 0.00110 1.16137 0.01921 0.12900 0.00080 774 33 783 9 782 5 99%
7r O S 0.19 0.05588 0.00173 0.57053 0.01719 0.07411 0.00071 448 65 458 11 461 4 99%
8 N R 0.69 0.09428 0.00182 3.37912 0.07890 0.25823 0.00373 1514 35 1500 18 1481 19 98%
9c N R 0.41 0.10633 0.00192 4.56027 0.08299 0.30946 0.00226 1737 31 1742 15 1738 11 99%
10 W I 0.46 0.07942 0.00125 2.24206 0.03612 0.20415 0.00136 1183 30 1194 11 1198 7 99%
11 N S 0.75 0.08986 0.00149 2.93231 0.04923 0.23634 0.00156 1422 30 1390 13 1368 8 98%
12 W E 0.63 0.06726 0.00207 1.18247 0.03606 0.12814 0.00122 846 62 792 17 777 7 98%
13 O E 0.19 0.05645 0.00155 0.55163 0.01573 0.07081 0.00065 470 61 446 10 441 4 98%
14 N E 0.91 0.06811 0.00112 1.31192 0.02289 0.13933 0.00094 872 34 851 10 841 5 98%
17c W I 0.27 0.05657 0.00143 0.57352 0.01433 0.07347 0.00064 475 53 460 9 457 4 99%
17r O E 0.26 0.05651 0.00120 0.55648 0.01151 0.07118 0.00046 472 44 449 8 443 3 98%
18r N S 0.01 0.05599 0.00117 0.52352 0.01078 0.06756 0.00046 452 44 428 7 421 3 98%
18c W R 0.12 0.05989 0.00116 0.71594 0.01370 0.08623 0.00054 599 40 548 8 533 3 97%
19 N R 0.99 0.07967 0.00140 2.18492 0.03926 0.19762 0.00157 1189 33 1176 13 1163 8 98%
20 W E 0.57 0.05563 0.00121 0.56633 0.01195 0.07344 0.00051 438 45 456 8 457 3 99%
21c O R 0.83 0.07623 0.00152 2.07717 0.04205 0.19683 0.00189 1101 36 1141 14 1158 10 98%
21r W E 0.05 0.05721 0.00128 0.53730 0.01142 0.06812 0.00049 500 51 437 8 425 3 96%
23 W S 0.10 0.05657 0.00112 0.53570 0.01034 0.06840 0.00045 475 41 436 7 427 3 97%
GZ0102 Bt–Pl gneiss
1 O S 0.08 0.05732 0.00221 0.56111 0.02155 0.07081 0.00078 504 83 452 14 441 5 97%
2 W S 0.46 0.05438 0.00210 0.51443 0.01994 0.06871 0.00084 387 85 421 13 428 5 98%
3 O S 0.13 0.07282 0.00245 1.71193 0.06555 0.16977 0.00314 1009 70 1013 25 1011 17 99%
4c N R 0.17 0.06439 0.00174 1.04870 0.02703 0.11812 0.00097 754 58 728 13 720 6 96%
4r W S 0.05 0.05882 0.00220 0.57180 0.02201 0.07004 0.00087 561 81 459 14 436 5 94%
5 O S 0.60 0.06912 0.00190 1.31746 0.03557 0.13754 0.00129 902 53 853 16 831 7 97%
6 W S 0.12 0.05754 0.00266 0.54692 0.02490 0.06887 0.00075 512 100 443 16 429 5 96%
7 W R 0.20 0.06368 0.00205 1.00093 0.02929 0.11395 0.00113 731 60 704 15 696 7 98%
8 W R 1.31 0.06906 0.00232 1.04188 0.03572 0.10855 0.00129 900 68 725 18 664 7 91%
9 W S 0.09 0.05567 0.00268 0.52687 0.02486 0.06870 0.00087 439 104 430 17 428 5 99%
12 O S 0.74 0.07551 0.00271 1.90716 0.07377 0.18117 0.00301 1082 72 1084 26 1073 16 99%
13 O S 0.32 0.08393 0.00530 2.41102 0.13563 0.20834 0.00599 1291 126 1246 40 1220 32 93%
14 W S 0.05 0.05605 0.00220 0.53508 0.01995 0.06860 0.00077 454 81 435 13 428 5 98%
15 P R 0.45 0.15261 0.00327 8.79055 0.18124 0.41150 0.00350 2375 33 2317 19 2222 16 95%
16 P S 0.76 0.07421 0.00197 2.00181 0.05134 0.19362 0.00213 1047 48 1116 17 1141 11 97%
17 O S 0.53 0.08006 0.00234 2.18940 0.06375 0.19646 0.00225 1198 54 1178 20 1156 12 98%
18 W E 0.19 0.05635 0.00296 0.53550 0.02746 0.06932 0.00097 466 112 435 18 432 6 99%
19 O S 0.05 0.05631 0.00199 0.54126 0.01856 0.06910 0.00070 464 74 439 12 431 4 98%
20 O S 0.53 0.06463 0.00267 0.92390 0.03939 0.10309 0.00187 762 83 664 21 632 11 95%
21 O E 0.14 0.05589 0.00206 0.52908 0.01885 0.06848 0.00080 448 77 431 13 427 5 99%
22 O E 0.46 0.05474 0.00161 0.52878 0.01500 0.06956 0.00064 402 61 431 10 434 4 99%
23 O E 0.38 0.05914 0.00289 0.57434 0.02915 0.06945 0.00088 572 110 461 19 433 5 93%
In spot ID: c, core; r, rim. Zoning: O, oscillatory; P, patchy; W, weakly; N, none. Shape: R, rounded; I, irregular; S, subhedral; E, euhedral. C*: concordance degree.
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melting furnace for 11 min at ~1050 °C in Pt95–Au5 crucibles. Typical
analytical times for each element were 50–80 s with current of70 mA and voltage of 40 kV. The loss-on-ignition (LOI) was measured
on dried rock powder by heating in a pre-heated corundum crucible
to 1000 °C for 90 min and recorded the percentage weight loss. The
Table 2
Zircon trace element of the charnockite, gneissic migmatite and Bt–Pl gneiss from the Yunkai uplift within the Cathaysia block.
Spot ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu/Eu* (Yb/Gd)N
GZ0301 charnockite
1 0.01 6.93 0.05 1.05 2.86 0.30 26.2 11.3 162 65.9 320 70.6 668 125 0.07 31.51
2 0.01 15.6 0.09 1.74 4.02 0.54 20.8 6.97 83.1 30.8 132 28.5 259 46.6 0.15 15.39
3 b.d. 2.67 0.05 2.09 6.12 0.34 48.3 18.7 236 92.6 417 86.6 774 140 0.04 19.81
4c b.d. 13.9 0.03 1.00 1.71 0.26 10.7 3.92 51.8 20.5 97.5 20.0 172 28.3 0.14 19.87
5 b.d. 2.14 0.12 1.76 5.26 0.24 38.1 15.9 202 81.8 373 78.2 717 130 0.04 23.26
6 0.06 9.89 0.20 4.13 7.54 0.34 47.8 16.8 200 73.9 322 65.0 580 104 0.04 15.00
7 0.03 5.41 0.09 2.15 5.29 0.38 38.1 14.4 184 71.2 315 65.6 593 108 0.06 19.24
8 b.d. 3.30 0.05 1.13 3.59 0.18 23.6 9.04 110 41.1 174 34.8 308 54.8 0.05 16.13
9c 0.09 5.36 0.03 0.87 2.31 0.02 16.4 6.60 89.4 35.9 166 36.8 355 67.3 0.01 26.76
9r b.d. 2.43 0.03 1.10 3.43 0.18 34.5 16.3 233 96.2 460 99.2 902 165 0.03 32.32
10 0.01 3.58 0.10 1.76 4.46 0.22 29.9 10.9 136 54.5 244 50.8 466 84.8 0.04 19.26
11c 0.19 13.0 0.17 1.61 3.47 0.35 22.3 7.31 87.4 32.3 146 31.7 307 59.8 0.09 17.02
11r b.d. 1.55 0.07 0.88 3.12 0.05 27.3 11.8 168 69.3 326 69.2 635 118 0.01 28.75
12c b.d. 7.58 0.08 1.69 3.81 0.91 22.8 8.05 99.8 38.8 185 42.1 433 85.7 0.23 23.47
12r 0.03 5.77 0.13 2.84 6.84 0.37 39.8 13.7 161 60.1 259 52.9 482 86.9 0.05 14.97
13c 0.03 23.6 0.22 4.19 8.44 1.66 35.6 11.2 125 46.0 209 44.3 416 81.3 0.25 14.44
13r b.d. 1.43 0.03 1.21 5.05 0.16 40.3 18.1 250 100 460 95.7 850 157 0.02 26.07
15c 0.73 4.72 1.00 8.73 9.74 0.34 44.0 21.9 321 135 683 166 1684 323 0.04 47.31
15r b.d. 1.35 0.06 0.73 2.97 0.06 21.7 8.09 96.7 35.5 150 28.8 253 46.0 0.02 14.41
16c 0.95 16.8 0.31 1.99 2.58 0.22 13.4 5.43 72.5 31.3 163 39.7 406 81.8 0.09 37.45
16r b.d. 1.34 0.02 0.77 2.36 0.15 20.8 9.16 125 51.6 242 52.3 486 93.4 0.05 28.88
17c 0.02 8.38 0.15 2.99 7.19 1.18 42.7 13.1 132 42.1 161 30.1 263 48.3 0.16 7.61
17r 0.03 8.61 0.03 0.80 2.82 0.27 30.4 14.7 224 97.6 482 108 1028 195 0.06 41.80
18 0.03 1.22 0.05 0.62 2.51 0.12 23.7 10.9 154 64.4 309 65.2 611 115 0.03 31.87
GZ0302 charnockite
1 0.04 0.75 0.04 0.87 3.21 0.03 29.4 14.3 178 59.8 224 39.2 288 45.8 0.01 12.11
2 0.01 1.22 0.08 1.23 4.93 0.07 44.1 17.8 205 68.2 257 47.0 404 67.1 0.01 11.32
4 0.01 2.18 0.01 1.09 3.05 0.24 27.0 12.2 181 75.3 358 78.8 734 133 0.05 33.60
6 0.02 1.21 0.04 0.98 2.75 0.09 24.0 11.2 156 64.8 301 65.5 608 109 0.02 31.31
7 0.24 7.07 0.56 6.49 11.7 0.57 63.0 20.5 238 85.4 358 72.2 638 113 0.05 12.52
8 0.01 2.70 0.06 1.49 4.77 0.31 35.3 15.3 204 82.1 381 82.0 743 135 0.05 26.02
9 0.02 2.39 0.07 1.56 4.94 0.18 34.8 13.4 176 70.2 316 68.3 625 112 0.03 22.20
10 0.15 5.38 0.42 6.56 12.2 0.61 70.0 22.7 272 98.8 422 86.3 771 136 0.05 13.61
11 b.d. 1.23 0.06 1.28 5.93 0.10 45.1 17.2 194 61.6 226 41.6 344 56.4 0.01 9.43
12r 0.01 1.85 0.09 1.41 5.00 0.23 40.0 17.6 239 95.2 441 94.7 869 153 0.03 26.85
12 0.34 5.81 0.34 4.95 12.7 1.36 78.2 28.2 354 135 593 127 1177 215 0.10 18.60
13 0.03 1.83 0.03 1.27 3.61 0.10 28.7 11.9 158 63.5 290 62.5 579 104 0.02 24.94
14 0.02 1.98 0.08 1.33 4.95 0.24 46.7 22.1 316 133 623 136 1260 224 0.03 33.35
15 0.01 1.31 0.03 1.03 4.15 0.11 36.9 16.3 225 92.6 424 91.5 844 150 0.02 28.27
16c 0.09 13.0 0.11 1.47 3.24 0.91 15.5 4.24 42.3 13.6 60.0 14.3 144 28.8 0.32 11.48
16r 0.05 1.27 0.03 0.70 2.27 b.d. 20.2 8.72 120 48.8 222 48.5 439 80.8 0.00 26.86
17 b.d. 3.14 0.07 1.85 7.10 0.29 50.6 19.0 249 96.1 421 88.0 786 143 0.03 19.20
18 0.01 30.2 0.07 1.07 1.56 0.51 5.95 1.96 21.6 8.17 37.5 9.28 93.4 19.3 0.45 19.40
19 0.05 6.89 0.13 2.07 5.20 0.59 32.6 11.6 142 53.9 235 50.2 463 82.9 0.10 17.55
GZ0307 gneissic migmatite
1 1.82 11.8 0.71 4.98 4.55 0.34 22.0 7.82 96.3 39.9 208 52.8 605 138 0.09 33.99
2c 0.05 3.30 0.08 1.47 3.88 0.35 24.9 9.63 132 55.3 273 63.7 668 133 0.08 33.16
2r 0.01 0.82 0.03 0.77 3.31 0.08 30.7 16.1 228 86.3 374 77.2 680 116 0.02 27.38
3 0.02 0.12 0.00 0.00 0.44 0.25 4.83 2.12 18.6 3.87 8.27 1.14 7.75 1.0 0.32 1.98
4 b.d. 5.34 0.29 5.23 11.9 0.84 62.4 20.3 238 85.0 359 70.7 626 111 0.08 12.40
6c 0.01 19.0 0.18 3.33 8.63 0.48 38.8 12.1 132 45.6 189 38.1 336 59.9 0.07 10.70
6r 0.01 2.72 0.06 1.19 3.49 0.22 28.7 13.4 186 77.6 372 81.3 769 141 0.05 33.12
7 0.01 28.9 0.01 0.36 1.42 0.23 11.0 4.43 60.3 23.6 111 24.9 239 43.8 0.13 26.86
8c 0.02 14.2 0.08 1.24 3.08 0.17 20.1 6.75 83.7 31.8 142 30.5 292 54.7 0.05 17.96
8r 0.01 0.36 0.02 0.04 0.41 0.12 4.24 2.59 40.0 14.2 59.1 11.7 99.1 17.1 0.18 28.89
9 0.31 17.5 0.14 1.63 3.16 0.39 19.0 7.14 92.1 36.5 169 35.8 341 63.3 0.12 22.18
10c 0.03 9.48 0.07 1.14 2.80 0.26 17.9 6.73 79.4 29.1 129 26.7 248 45.5 0.08 17.12
10r b.d. 0.32 0.02 0.21 1.02 0.07 14.1 7.82 114 43.7 186 37.8 349 62.1 0.03 30.59
11 0.18 42.0 0.24 3.04 4.77 2.02 22.9 7.92 91.5 36.3 168 37.6 384 76.4 0.49 20.73
12 0.03 4.55 0.12 2.90 6.14 0.32 37.6 14.0 177 68.7 307 64.6 590 107 0.05 19.40
13 b.d. 7.18 0.01 1.07 2.76 0.33 21.1 8.63 114 46.9 219 49.2 467 88.3 0.10 27.36
14 b.d. 1.85 0.11 1.82 6.89 0.23 46.0 18.8 246 94.5 420 87.4 788 138 0.03 21.17
15 0.27 10.7 0.15 1.45 1.69 0.35 11.0 4.46 59.2 26.7 140 35.6 381 81.6 0.19 42.81
16 b.d. 4.66 0.06 1.36 5.32 0.32 38.6 15.3 198 77.3 349 72.9 661 120 0.05 21.17
17 b.d. 3.73 0.13 2.59 6.22 0.30 37.3 13.1 159 59.3 257 53.8 483 87.1 0.05 16.01
19 b.d. 3.30 0.03 0.76 3.21 0.18 28.1 14.1 218 94.4 463 104 977 176 0.04 42.97
GZ0705 gneissic migmatite
1c 0.19 17.0 0.12 1.98 3.47 0.28 22.8 8.26 100 39.0 178 36.9 330 65.8 0.07 17.89
1r 0.01 3.97 0.03 0.42 1.83 0.17 15.7 7.17 112 49.4 249 57.4 557 110 0.07 43.85
2 b.d. 12.2 0.09 2.15 4.77 0.72 33.7 12.7 164 67.3 316 66.7 623 124 0.13 22.85
3c 0.15 6.53 0.08 1.46 6.61 0.84 72.8 39.8 588 253 1246 282 2738 535 0.07 46.49
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Table 2 (continued)
Spot ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu/Eu* (Yb/Gd)N
GZ0705 gneissic migmatite
3r 0.02 2.51 0.01 0.82 3.62 0.21 34.2 17.9 265 116 576 128 1196 229 0.04 43.22
4c 0.37 13.0 0.19 1.54 2.21 0.51 13.0 6.11 86.6 35.7 175 41.5 415 86.0 0.23 39.46
5c 0.03 23.6 0.18 2.86 7.70 0.65 44.9 16.1 188 70.3 297 57.6 489 90.0 0.08 13.46
5r 3.62 33.0 1.37 8.31 7.17 0.53 38.4 14.0 180 69.6 302 59.9 519 92.8 0.08 16.71
7 b.d. 10.7 0.05 1.18 3.93 0.58 29.8 11.9 158 65.1 307 66.1 614 120 0.12 25.47
8c 0.07 5.78 0.06 0.78 2.74 0.42 20.7 8.44 116 49.7 240 54.2 531 109 0.12 31.71
8r b.d. 9.76 0.06 1.41 3.77 0.65 22.6 8.88 108 43.5 199 41.8 389 76.0 0.17 21.27
9 0.04 12.5 0.10 1.49 3.23 1.43 24.0 9.70 131 55.0 266 59.1 571 115 0.36 29.41
10 0.01 2.97 0.08 2.04 5.99 0.21 40.8 15.4 187 73.0 320 67.5 596 110 0.03 18.06
11 0.03 3.53 0.04 0.75 3.52 0.24 39.8 22.3 344 155 786 185 1795 338 0.04 55.75
13c 0.67 12.0 0.60 5.10 7.03 0.47 49.5 22.8 312 131 622 139 1296 239 0.06 32.36
13r 0.09 3.16 0.10 1.55 4.61 0.49 46.5 24.5 359 156 761 167 1577 290 0.07 41.92
14 0.04 7.39 0.11 1.42 5.63 0.56 52.9 26.9 418 188 938 218 2081 387 0.07 48.62
15 0.03 8.04 0.04 0.80 3.13 0.46 20.6 8.01 106 42.8 194 42.1 394 75.6 0.13 23.64
16 0.08 5.12 0.11 1.44 5.88 0.31 57.0 30.1 449 194 962 225 2168 401 0.03 47.01
17 0.05 8.62 0.04 0.92 3.42 0.31 28.2 14.1 213 93.4 467 111 1083 204 0.07 47.47
18 0.01 8.79 0.04 1.17 3.15 0.54 21.8 8.41 108 43.0 197 42.9 399 76.7 0.15 22.62
GZ0101 Bt–Pl gneiss
1 b.d. 0.81 0.00 0.37 1.84 0.17 15.6 7.50 89.1 26.7 95.1 17.4 145 24.7 0.07 11.49
2 0.02 3.03 0.08 1.10 2.23 0.66 13.0 6.12 88.2 38.4 216 60.8 710 156 0.29 67.51
4c 0.21 31.1 0.44 4.13 4.22 0.43 20.9 8.16 107 46.3 233 52.4 518 107 0.11 30.63
4r b.d. 1.31 0.02 0.48 1.83 0.15 15.2 7.23 90.1 31.0 132 28.1 263 52.7 0.06 21.39
5 0.01 9.62 0.02 0.64 1.96 0.39 14.3 6.05 81.7 33.8 167 36.8 350 72.7 0.16 30.25
6 1.33 12.2 0.52 2.97 2.88 0.20 25.9 11.4 165 74.6 373 83.6 808 168 0.05 38.56
7c 0.24 53.0 0.94 12.3 18.3 6.08 74.0 21.6 222 77.0 324 66.0 601 116 0.44 10.04
7r b.d. 1.89 0.01 0.60 2.78 0.24 22.8 10.1 127 49.8 229 49.2 451 87.8 0.06 24.45
8 0.13 10.2 0.92 11.7 17.5 1.24 91.9 27.1 291 99.3 384 68.9 542 98.0 0.08 7.29
9c 0.03 11.6 0.07 1.84 5.05 0.51 35.3 12.0 138 49.7 202 38.2 317 57.5 0.09 11.10
10 b.d. 11.3 0.04 0.50 1.70 0.11 11.2 4.61 60 24.3 114 24.9 236 46.2 0.06 26.04
11 0.01 40.4 0.10 1.43 2.36 0.47 9.17 2.85 33.3 13.1 65.9 15.6 164 34.3 0.27 22.11
12 b.d. 14.0 0.12 2.71 7.49 1.61 43.9 14.7 169 64.4 275 53.2 462 87.0 0.21 13.01
13 0.02 2.78 0.04 1.35 4.44 0.37 39.1 15.1 162 51.3 199 38.5 338 62.7 0.06 10.68
14 0.07 34.6 0.49 7.55 13.3 2.39 83.1 30.7 391 156 697 140 1215 230 0.17 18.07
17c 0.02 10.7 0.03 0.93 3.07 0.20 22.0 9.09 122 50.3 240 52.7 481 91.2 0.05 27.02
17r b.d. 9.62 0.04 0.87 3.71 0.27 33.2 13.9 186 75.8 354 75.0 677 129 0.05 25.20
18r b.d. 0.62 0.00 0.09 0.75 0.19 10.3 6.92 117 52.1 285 75.4 832 176 0.12 99.84
18c 0.24 1.93 0.13 1.07 3.38 0.13 23.6 9.97 102 27.2 88.4 14.9 111 18.1 0.03 5.81
19 0.26 36.7 1.10 13.8 19.7 2.22 91.0 25.2 258 83.5 325 59.4 491 86.8 0.13 6.67
20 0.02 18.7 0.35 5.78 12.0 1.42 67.2 25.4 314 121 542 116 1073 203 0.12 19.74
21c 0.03 10.2 0.26 3.97 8.88 1.16 47.0 15.7 175 65.3 278 55.6 490 93.9 0.14 12.89
21r 0.01 0.82 0.00 0.18 1.34 0.16 12.0 5.07 72.8 28.8 133 27.5 230 38.8 0.08 23.69
23 b.d. 1.40 0.07 1.38 4.01 0.25 29.3 10.7 118 43.1 205 52.0 565 116 0.05 23.83
GZ0102 Bt–Pl gneiss
1 0.04 1.67 0.05 0.33 3.37 0.25 25.6 9.31 86.1 22.0 72.4 13.4 121 22.9 0.06 5.84
2 0.01 4.26 0.19 5.06 13.4 0.56 87.6 30.9 321 107 420 78.4 669 122 0.04 9.44
3 b.d. 1.85 0.03 1.40 1.74 0.52 20.9 6.84 85.4 33.3 147 34.3 333 67.1 0.16 19.69
4c 0.05 10.4 0.10 1.22 2.13 0.23 15.3 6.91 93.0 38.8 185 41.4 395 77.7 0.09 31.91
5 b.d. 16.5 0.00 0.31 0.77 0.26 2.91 1.01 12.3 5.20 25.8 6.21 68.0 16.1 0.46 28.88
6 0.05 1.63 0.05 1.59 3.52 0.29 29.7 10.9 116 36.5 157 35.1 358 71.2 0.06 14.90
7 1.12 16.7 0.34 4.09 6.09 0.21 31.2 10.0 121 47.1 211 42.6 401 73.3 0.04 15.89
9 0.08 1.14 0.01 0.52 2.68 0.33 23.8 8.80 79.6 20.0 64.4 11.6 98.5 17.8 0.09 5.12
12 0.05 11.5 0.22 2.40 4.66 0.49 20.0 6.53 73.2 26.5 112 22.0 206 38.1 0.13 12.73
13 b.d. 9.60 0.08 1.19 1.73 0.19 13.7 5.34 67.0 26.3 124 25.8 246 49.3 0.08 22.19
15 0.09 14.0 0.09 2.24 5.01 0.57 25.0 8.40 97.2 37.7 170 34.9 322 62.1 0.13 15.92
16 0.03 14.7 0.13 1.13 4.31 0.34 22.7 7.59 91.5 32.8 143 30.5 274 52.1 0.08 14.92
17 0.03 1.59 0.17 4.88 12.0 0.43 73.1 25.4 278 86.1 316 56.2 454 76.2 0.03 7.68
18 b.d. 2.77 0.03 0.28 2.50 0.40 22.2 8.86 107 35.0 140 27.6 250 46.4 0.11 13.92
19 0.13 2.13 0.09 1.69 2.93 0.26 20.2 9.09 138 63.0 374 103 1171 241 0.08 71.65
20 2.67 21.1 0.99 6.00 3.84 0.87 17.3 6.65 98.2 43.4 228 54.2 566 118 0.27 40.44
21 0.02 2.32 0.04 1.75 2.02 0.57 14.3 7.13 114 49.2 259 66.2 701 136 0.24 60.59
23 0.01 8.21 0.16 3.12 7.55 1.09 47.9 17.4 195 69.0 301 62.1 588 113 0.13 15.17
b.d.: below diction limit; Eu/Eu* = 2 × EuN / (SmN + GdN); unit, ppm.
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5. Results
5.1. Zircon morphology and internal structure
Zircon grains from charnockites (samples GZ0301 and GZ0302)
are light purple to transparent, and show morphologies rangingfrom euhedral (Fig. 6a), through subhedral (Fig. 6b) to anhedral
(Fig. 6c). Their lengths range from 105 to 350 μm with length/width
ratios of 1.0–3.5. Some grains have clear core–rim structures with
irregular and sharp boundaries (Fig. 6d), suggesting that the rims
are overgrowth domains. The cores exhibit oscillatory or planar zon-
ing. The rims show either oscillatory zoning or no zoning. Zircons
without core–rim structure have oscillatory (Fig. 6e) or weak zoning.
Zircons obtained from gneissic migmatites GZ0307 and GZ0705
are colorless and transparent. They are euhedral (Fig. 6f) to subhedral
Table 3
Zircon Hf isotope data of the charnockite, gneissic migmatite and Bt–Pl gneiss from the Yunkai uplift within the Cathaysia block.
Spot ID 176Hf/177Hf 2σ 176Lu/177Hf 2σ 176Yb/177Hf Age (Ma) Hfi εHf(t) ±(2σ) TDM
(Ga)
TCRUST
(Ga)
GZ0301 charnockite
1 0.282308 0.000012 0.001621 0.000014 0.040483 436 0.282295 −7.3 0.4 1.4 1.9
2 0.282101 0.000029 0.000778 0.000016 0.019756 959 0.282087 −3.0 1.0 1.6 2.0
3 0.282301 0.000028 0.001355 0.000006 0.033473 437 0.282290 −7.4 1.0 1.4 1.9
4c 0.281252 0.000072 0.000402 0.000013 0.011181 2841 0.281231 9.4 2.5 2.7 2.7
6 0.282317 0.000028 0.001178 0.000022 0.029785 419 0.282308 −7.2 1.0 1.3 1.9
7 0.282271 0.000019 0.001563 0.000009 0.042084 462 0.282257 −8.0 0.7 1.4 1.9
8 0.282254 0.000015 0.000749 0.000029 0.018908 434 0.282248 −9.0 0.5 1.4 2.0
9c 0.282299 0.000016 0.001273 0.000015 0.032234 586 0.282286 −4.3 0.6 1.4 1.8
9r 0.282296 0.000025 0.001493 0.000035 0.037155 440 0.282284 −7.6 0.9 1.4 1.9
10 0.282048 0.000023 0.000855 0.000009 0.019704 438 0.282041 −16.2 0.8 1.7 2.4
11c 0.282265 0.000017 0.001162 0.000013 0.030027 705 0.282250 −2.9 0.6 1.4 1.8
11r 0.282299 0.000030 0.001189 0.000029 0.029372 441 0.282289 −7.4 1.1 1.4 1.9
12c 0.281681 0.000030 0.000493 0.000007 0.011722 1384 0.281669 −8.3 1.1 2.2 2.7
12r 0.282035 0.000024 0.001112 0.000005 0.027827 1404 0.282006 4.1 0.8 1.7 1.9
13c 0.282006 0.000035 0.000880 0.000021 0.021263 932 0.281991 −7.1 1.2 1.7 2.2
13r 0.282177 0.000022 0.000939 0.000037 0.023648 527 0.282168 −9.8 0.8 1.5 2.1
15c 0.282329 0.000049 0.003299 0.000135 0.080169 416 0.282303 −7.4 1.7 1.4 1.9
15r 0.282270 0.000024 0.002491 0.000140 0.061120 461 0.282248 −8.4 0.9 1.4 2.0
16c 0.281940 0.000021 0.000943 0.000014 0.023078 872 0.281925 −10.7 0.7 1.8 2.4
16r 0.282044 0.000025 0.000740 0.000008 0.017760 661 0.282034 −11.5 0.9 1.7 2.3
17c 0.282337 0.000019 0.001102 0.000023 0.026640 442 0.282328 −6.0 0.7 1.3 1.8
17r 0.282307 0.000017 0.000628 0.000028 0.015643 442 0.282302 −6.9 0.6 1.3 1.9
18 0.282278 0.000016 0.001275 0.000127 0.032016 440 0.282268 −8.2 0.6 1.4 1.9
GZ0302 charnockite
1 0.282233 0.000046 0.000347 0.000009 0.009441 798 0.282228 −1.6 1.6 1.4 1.8
2 0.282257 0.000034 0.000667 0.000009 0.018071 429 0.282251 −9.0 1.2 1.4 2.0
4 0.282288 0.000023 0.001588 0.000009 0.039790 438 0.282275 −8.0 0.8 1.4 1.9
6 0.282322 0.000024 0.001065 0.000026 0.026069 437 0.282314 −6.6 0.8 1.3 1.8
7 0.282316 0.000035 0.001544 0.000041 0.039195 432 0.282304 −7.1 1.2 1.3 1.9
8 0.282301 0.000023 0.001473 0.000006 0.036640 438 0.282289 −7.5 0.8 1.4 1.9
9 0.282289 0.000024 0.001351 0.000017 0.033712 427 0.282279 −8.1 0.9 1.4 1.9
10 0.282227 0.000055 0.001638 0.000013 0.041607 410 0.282214 −10.7 2.0 1.5 2.1
11 0.282258 0.000022 0.001091 0.000007 0.027882 419 0.282250 −9.3 0.8 1.4 2.0
12r 0.282305 0.000044 0.001803 0.000019 0.044751 437 0.282291 −7.4 1.6 1.4 1.9
12 0.282302 0.000031 0.001696 0.000100 0.041981 413 0.282289 −8.0 1.1 1.4 1.9
13 0.282202 0.000070 0.001300 0.000027 0.032593 436 0.282191 −11.0 2.5 1.5 2.1
14 0.282316 0.000054 0.002571 0.000028 0.063353 447 0.282294 −7.1 1.9 1.4 1.9
15r 0.282343 0.000027 0.001433 0.000017 0.036500 442 0.282331 −5.9 1.0 1.3 1.8
16c 0.281876 0.000029 0.000278 0.000026 0.006972 582 0.281873 −19.0 1.0 1.9 2.7
16r 0.282209 0.000024 0.001021 0.000029 0.025116 450 0.282200 −10.3 0.8 1.5 2.1
18 0.281767 0.000070 0.000789 0.000051 0.019236 1242 0.281748 −8.7 2.5 2.1 2.6
GZ0307 gneissic migmatite
1 0.282129 0.000037 0.001560 0.000016 0.033655 517 0.282114 −11.9 1.3 1.6 2.2
2c 0.282141 0.000021 0.001172 0.000033 0.027897 723 0.282125 −6.9 0.7 1.6 2.1
2r 0.282246 0.000032 0.001141 0.000011 0.028608 455 0.282236 −8.9 1.1 1.4 2.0
3 0.282407 0.000030 0.000009 0.000001 0.000295 241 0.282407 −7.6 1.1 1.2 1.7
4 0.282186 0.000027 0.000979 0.000023 0.024201 422 0.282179 −11.7 0.9 1.5 2.1
6c 0.282125 0.000026 0.000619 0.000010 0.015413 933 0.282114 −2.7 0.9 1.6 2.0
6r 0.282191 0.000035 0.001211 0.000017 0.029878 634 0.282176 −7.1 1.3 1.5 2.0
7 0.281211 0.000037 0.000591 0.000011 0.014182 2560 0.281182 1.2 1.3 2.8 3.0
8c 0.282033 0.000013 0.001145 0.000018 0.028253 1089 0.282009 −2.9 0.5 1.7 2.1
8r 0.282221 0.000021 0.000799 0.000021 0.018845 269 0.282217 −13.7 0.7 1.4 2.2
9c 0.282285 0.000024 0.000835 0.000011 0.020499 436 0.282278 −7.9 0.8 1.4 1.9
10r 0.282312 0.000035 0.000274 0.000017 0.006939 473 0.282310 −5.9 1.2 1.3 1.8
11 0.281770 0.000029 0.001053 0.000015 0.024353 798 0.281754 −18.4 1.0 2.1 2.8
12 0.282268 0.000035 0.002022 0.000026 0.050723 446 0.282251 −8.6 1.2 1.4 2.0
13 0.282261 0.000023 0.000990 0.000034 0.023754 436 0.282252 −8.8 0.8 1.4 2.0
14 0.282239 0.000030 0.001132 0.000017 0.029013 433 0.282230 −9.6 1.1 1.4 2.0
15 0.282223 0.000030 0.000939 0.000010 0.019926 431 0.282216 −10.2 1.1 1.4 2.1
16 0.282239 0.000027 0.001167 0.000030 0.029156 439 0.282229 −9.5 0.9 1.4 2.0
17 0.282240 0.000032 0.001466 0.000016 0.037445 435 0.282228 −9.7 1.1 1.4 2.0
19 0.282214 0.000022 0.002018 0.000019 0.051061 444 0.282197 −10.6 0.8 1.5 2.1
GZ0705 gneissic migmatite
1c 0.282107 0.000032 0.000691 0.000002 0.016729 895 0.282095 −4.2 1.1 1.6 2.0
1r 0.282125 0.000023 0.000821 0.000018 0.019695 432 0.282118 −13.6 0.8 1.6 2.3
2 0.282289 0.000032 0.002113 0.000070 0.051028 431 0.282272 −8.2 1.1 1.4 1.9
3c 0.282321 0.000043 0.002297 0.000143 0.055176 455 0.282302 −6.6 1.5 1.4 1.8
3r 0.282330 0.000027 0.001798 0.000021 0.043467 460 0.282314 −6.1 1.0 1.3 1.8
4c 0.281984 0.000027 0.001000 0.000014 0.024264 547 0.281974 −16.2 1.0 1.8 2.5
5c 0.282405 0.000017 0.001656 0.000011 0.043523 926 0.282376 6.5 0.6 1.2 1.4
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Table 3 (continued)
Spot ID 176Hf/177Hf 2σ 176Lu/177Hf 2σ 176Yb/177Hf Age (Ma) Hfi εHf(t) ±(2σ) TDM
(Ga)
TCRUST
(Ga)
GZ0705 gneissic migmatite
5r 0.282461 0.000027 0.001283 0.000009 0.033151 882 0.282440 7.8 0.9 1.1 1.3
8c 0.282383 0.000023 0.000957 0.000032 0.022269 483 0.282374 −3.5 0.8 1.2 1.7
8r 0.282317 0.000017 0.001211 0.000019 0.028653 434 0.282307 −6.9 0.6 1.3 1.9
9 0.282284 0.000028 0.001042 0.000026 0.023174 431 0.282276 −8.1 1.0 1.4 1.9
10 0.282264 0.000037 0.001288 0.000012 0.031677 442 0.282253 −8.6 1.3 1.4 2.0
11 0.282145 0.000070 0.002761 0.000101 0.065688 460 0.282121 −12.9 2.5 1.6 2.2
13c 0.282257 0.000048 0.002844 0.000054 0.070015 452 0.282233 −9.1 1.7 1.5 2.0
13r 0.282082 0.000033 0.002005 0.000021 0.047460 444 0.282065 −15.3 1.2 1.7 2.4
14 0.282371 0.000056 0.003417 0.000039 0.082861 471 0.282341 −4.9 2.0 1.3 1.8
15 0.282232 0.000037 0.001602 0.000071 0.038444 441 0.282218 −9.9 1.3 1.5 2.0
17 0.282344 0.000054 0.001988 0.000038 0.048851 455 0.282327 −5.7 1.9 1.3 1.8
18 0.282203 0.000020 0.001012 0.000012 0.024542 444 0.282194 −10.7 0.7 1.5 2.1
GZ0101 Bt–Pl gneiss
1 0.282264 0.000033 0.000590 0.000016 0.014165 428 0.282259 −8.7 1.2 1.4 2.0
2 0.282479 0.000026 0.001268 0.000022 0.027872 420 0.282469 −1.5 0.9 1.1 1.5
4c 0.282364 0.000041 0.001482 0.000016 0.034669 801 0.282342 2.5 1.5 1.3 1.5
5 0.282288 0.000042 0.001041 0.000004 0.024987 431 0.282279 −8.0 1.5 1.4 1.9
6 0.282393 0.000034 0.001502 0.000011 0.034769 476 0.282380 −3.4 1.2 1.2 1.7
7c 0.281886 0.000039 0.000734 0.000058 0.017391 782 0.281875 −14.5 1.4 1.9 2.6
7r 0.282351 0.000039 0.001170 0.000017 0.028351 461 0.282341 −5.1 1.4 1.3 1.8
8 0.282002 0.000057 0.001609 0.000009 0.043259 1514 0.281956 4.8 2.0 1.8 1.9
9c 0.281704 0.000055 0.000766 0.000007 0.020415 1737 0.281679 0.0 1.9 2.2 2.4
10 0.282134 0.000036 0.000435 0.000007 0.010609 1183 0.282124 3.3 1.3 1.6 1.8
11 0.281869 0.000053 0.000521 0.000003 0.011682 1422 0.281855 −0.9 1.9 1.9 2.2
12 0.282565 0.000045 0.001640 0.000085 0.041279 777 0.282541 9.0 1.6 1.0 1.1
13 0.282255 0.000039 0.000630 0.000007 0.015121 441 0.282250 −8.8 1.4 1.4 2.0
14 0.282322 0.000046 0.001261 0.000012 0.029873 841 0.282302 1.9 1.6 1.3 1.6
17c 0.282409 0.000029 0.001497 0.000081 0.037488 457 0.282396 −3.2 1.0 1.2 1.6
17r 0.282365 0.000054 0.001064 0.000055 0.025775 443 0.282356 −5.0 1.9 1.3 1.7
18r 0.282244 0.000037 0.000860 0.000014 0.021789 421 0.282237 −9.7 1.3 1.4 2.0
18c 0.282222 0.000039 0.000273 0.000015 0.007388 533 0.282220 −7.8 1.4 1.4 2.0
19 0.281936 0.000055 0.000867 0.000035 0.020214 1189 0.281917 −3.9 2.0 1.8 2.2
20 0.282388 0.000051 0.001215 0.000040 0.028864 457 0.282377 −3.9 1.8 1.2 1.7
21c 0.282192 0.000055 0.001368 0.000020 0.032160 1101 0.282164 2.8 2.0 1.5 1.7
21r 0.282286 0.000040 0.000932 0.000011 0.021510 425 0.282279 −8.1 1.4 1.4 1.9
23 0.282209 0.000062 0.000242 0.000007 0.006614 427 0.282208 −10.6 2.2 1.4 2.1
GZ0102 Bt–Pl gneiss
1 0.282287 0.000045 0.000883 0.000010 0.021556 441 0.282279 −7.7 1.6 1.4 1.9
2 0.282085 0.000073 0.001514 0.000036 0.033567 428 0.282073 −15.3 2.6 1.7 2.4
3 0.282442 0.000042 0.000686 0.000018 0.015965 1009 0.282428 10.2 1.5 1.1 1.2
4c 0.282305 0.000040 0.000727 0.000040 0.018408 720 0.282295 −1.0 1.4 1.3 1.7
4r 0.282305 0.000031 0.000614 0.000015 0.014520 436 0.282300 −7.1 1.1 1.3 1.9
5 0.282348 0.000053 0.001399 0.000066 0.036185 831 0.282326 2.6 1.9 1.3 1.6
6 0.282224 0.000057 0.001009 0.000031 0.024837 429 0.282215 −10.3 2.0 1.5 2.1
12 0.282231 0.000050 0.001024 0.000018 0.023111 1082 0.282210 4.1 1.8 1.4 1.7
13 0.282312 0.000038 0.000982 0.000018 0.023297 1291 0.282288 11.5 1.3 1.3 1.3
15 0.281726 0.000031 0.000662 0.000020 0.015163 2375 0.281696 15.2 1.1 2.1 2.0
16 0.282109 0.000044 0.000656 0.000023 0.015893 1047 0.282097 −0.7 1.6 1.6 1.9
18 0.282365 0.000024 0.000629 0.000023 0.015271 432 0.282360 −5.1 0.8 1.2 1.7
19 0.282287 0.000044 0.000923 0.000048 0.021904 431 0.282279 −8.0 1.5 1.4 1.9
20 0.282504 0.000028 0.001551 0.000030 0.035008 632 0.282485 3.8 1.0 1.1 1.3
22 0.282347 0.000033 0.003295 0.000278 0.092406 434 0.282320 −6.5 1.2 1.4 1.8
23 0.282427 0.000029 0.001166 0.000010 0.027389 433 0.282417 −3.0 1.0 1.2 1.6
176Lu decay constant is 1.865 × 10−11 a−1; Hfi = 176Hf/177Hfi, Hf-isotope initial value;
Ages > 1000 Ma, 207Pb/206Pb ages, b1000 Ma, 206Pb/238U ages; TDM, depleted mantle model age; TCRUST, average crust model age.
135D. Wang et al. / Lithos 175–176 (2013) 124–145(Fig. 6g) and 115–370 μm long with length/width ratios of 1.0–1.9.
Several grains show core–rim structures. Their cores mainly show
weak zoning with minor weak oscillatory zoning (Fig. 6h). Their
rims have oscillatory zoning (Fig. 6i) or relatively bright lumines-
cence without zoning. Some grains without core–rim structure also
have evident magmatic oscillatory zoning (Fig. 6j).
Zircons in Bt–Pl gneisses GZ0101 and GZ0102 are light yellow to
colorless, and transparent. These grains are mainly subhedral
(Fig. 6k) to anhedral (Fig. 6l) and range from 120 to 250 μm with
length/width ratios of 1:1 to 2:1. Their cores show mainly weak zon-
ing (e.g. Fig. 6m and n) with minor oscillatory zoning (e.g. Fig. 6o).
The corresponding rims have relatively bright luminescence withweak oscillatory zoning. The other grains without core–rim structures
show dark oscillatory zoning.
5.2. Zircon U–Pb dating
5.2.1. Charnockite
Twenty-four spots from GZ0301 are nearly concordant (>90%)
and give 207Pb/206Pb ages of 2841 Ma (GZ0301-4c) and 1394 ±
10 Ma (GZ0301-12), and 206Pb/238U ages of 959–527 Ma (n = 7)
and 462–416 Ma (n = 14) (Fig. 7a). The last population includes
three groups at 439 ± 2 Ma (MSWD = 0.59, n = 10), 460 Ma
(n = 2) and ca 420 Ma (n = 2). The Neoarchean age (2841 Ma) is
Table 4
Major element data of the Al-rich gneiss, gneissic migmatite and charnockite from the Yunkai uplift within the Cathaysia block.
Sample no. SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI TOL A/CNK Fe* Reference
Charnockite
GZ0301 65.32 1.09 14.86 7.06 0.11 2.30 4.05 2.46 1.68 0.08 0.31 99.32 1.12 0.73 This study
GZ0302 65.52 0.95 14.92 6.27 0.08 2.08 4.07 2.82 1.73 0.08 0.15 98.67 1.07 0.73
GZ0303 64.43 1.07 15.21 6.81 0.10 2.25 4.24 2.55 1.55 0.08 0.08 98.36 1.12 0.73
HSW-1 66.72 0.78 15.41 5.29 0.08 1.93 4.28 2.74 1.97 0.08 0.16 99.44 1.07 0.71 Peng et al. (2006)
HLX-1 67.90 0.85 14.30 5.47 0.08 1.81 3.25 2.48 2.43 0.08 0.44 99.09 1.13 0.73
D19-4 68.65 0.76 14.36 5.42 0.10 1.86 3.92 2.43 1.63 0.10 0.25 99.48 1.11 0.72
GZ-5 67.06 0.95 13.99 6.16 0.11 2.05 4.01 2.34 1.40 0.15 1.62 99.84 1.11 0.73 You et al. (1994)
YK-24 63.91 1.62 14.70 7.56 0.11 2.62 4.06 2.26 1.56 0.11 0.98 99.49 1.15 0.72
YK-25 68.95 0.80 13.92 5.29 0.08 1.91 4.10 2.36 1.20 0.11 1.01 99.73 1.10 0.71
Gneissic migmatite
GZ0304 68.26 0.59 15.30 4.00 0.06 1.20 3.17 2.64 3.16 0.14 0.57 99.08 1.13 0.75 This study
GZ0701 71.86 0.25 14.42 2.24 0.05 0.59 1.84 2.98 4.78 0.07 0.64 99.72 1.07 0.77
GZ0705 70.80 0.36 14.74 3.08 0.06 0.84 2.62 3.13 3.05 0.08 0.53 99.27 1.12 0.77
Al-rich gneiss
GZ0101 69.09 0.60 14.37 4.54 0.08 1.49 1.69 2.35 3.86 0.17 1.10 99.33 1.29 0.73 This study
GZ0201 81.15 0.55 8.61 3.88 0.05 1.16 0.62 1.00 1.90 0.08 0.50 99.49 1.79 0.75
G0105-1 75.28 1.06 10.16 5.39 0.18 1.34 2.50 1.92 0.96 0.19 0.84 99.82 1.16 0.78 Wan et al. (2010)
LOI = loss on ignition; A/CNK = molar [A12O3 / (CaO + Na2O + K2O)]; Fe* = FeOT / (FeOT + MgO).
136 D. Wang et al. / Lithos 175–176 (2013) 124–145from the irregular core of a subhedral grain (Fig. 6b) with Th/U ratios
of 3.6. The Mesoproterozoic ages are from the grain with core–rim
structure. The Neoproterozoic ages are from the cores of ﬁve
grains including GZ0301-2 (959 Ma), -9 (586 Ma), -11 (705 Ma),
-13 (932 Ma), and -16 (872 Ma). The rims of these grains give
Neoproterozoic to early Paleozoic ages (661–440 Ma).
Nineteen U–Pb ages were acquired from GZ0302. They include
two concordant Neoproterozoic ages (798 Ma in GZ0302-1 and
586 Ma in GZ0302-16c) and a major group of early Paleozoic ages
with a weighted mean 206Pb/238U age of 439 ± 4 Ma (MSWD =3.8,
n = 13) (Fig. 7b). Grain GZ0302-1 has very low Th/U ratio of 0.05.
The rim of grain GZ0302-16r gives an early Paleozoic age of 440 Ma.
The oldest zircon (GZ0302-18), with oscillatory zoning (Fig. 6c) andCharnockite
1
2841
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Fig. 6. Representative CL images of analyzed zircons from the charnockite, Al-rich gneiss an
(Ma); dotted line circles indicate positions for Hf isotope analyses; the length of the whitehigh Th/U = 0.87, yields a nearly concordant 207Pb/206Pb age of
1242 Ma.5.2.2. Gneissic migmatite
GZ0307 gives Neoproterozoic ages including 1089 Ma (GZ0307-8c),
981 Ma (-10c), 933 Ma (-6c), 798 M (-11), 723 Ma (-2c, Fig. 6i),
634 Ma (-6r), and a main group of early Paleozoic ages with a weight-
ed mean of 437 ± 4 Ma (MSWD = 2.1, n = 8) (Fig. 7c). The oldest
grain GZ0307-7 (Fig. 6g) yields a nearly concordant 207Pb/206Pb age
of 2560 Ma. Four grains with Neoproterozoic ages in the cores give
Neoproterozoic (634 Ma, GZ0307-6r), through early Paleozoic (473–
455 Ma) to late Paleozoic (269 Ma, -8r) ages in their rims. Grain242 436
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(GZ0101 and GZ0102) in the Yunkai uplift.
137D. Wang et al. / Lithos 175–176 (2013) 124–145GZ0307-3 has a similar age to GZ0307-8r which yields an age of 241 ±
3 Ma.
The ages of GZ0705 are also mainly early Paleozoic with a minor
Neoproterozoic population (Fig. 7d). The early Paleozoic zircons in-
clude two groups with ages of 456 ± 3 Ma (MSWD = 0.8, n = 6)
and 438 ± 4 Ma (MSWD = 2.2, n = 9). Neoproterozoic ages (926–
547 Ma) were obtained from three grains, GZ0705-5 (c and r),
GZ0705-1c and GZ0705-4.
5.2.3. Bt–Pl gneiss
GZ0101 shows ages from Paleoproterozoic tomainly early Paleozoic
(Fig. 7e). Grain GZ0101-9 gives a Paleoproterozoic age of 1737 Ma inthe core and an early Paleozoic age of 450 Ma in the rim (Fig. 6m).
Ten grains yielded Mesoproterozoic (1514–1141 Ma) to Neopro-
terozoic (841–533 Ma) ages. Four of them (-21r, -4r, -7r and -18r) dis-
play core–rim structure and have ages of 462–422 Ma in their rims. The
early Paleozoic ages consist of three groups, 458 ± 5 Ma (n = 3),
442 ± 4 Ma (n = 3) and 425 ± 5 Ma (MSWD = 1.5, n = 6).
Twenty-two analyses from sample GZ0102 are near-concordant
(Fig. 7f). GZ0102-15 yields the oldest age of 2375 Ma on the weakly
zoned core (Fig. 6l). Five grains give Mesoproterozoic 207Pb/206Pb
ages varying 1291 Ma to 1009 Ma. Neoproterozoic ages (831–
632 Ma) were recorded by ﬁve grains. One of the Neoproterozoic
grains (GZ0102-4) has a core–rim structure and it gives an age of
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138 D. Wang et al. / Lithos 175–176 (2013) 124–145436 Ma in the rim. The main ages are also early Paleozoic and yield
a weighted mean 206Pb/238U age of 432 ± 3 Ma (MSWD = 0.74,
n = 11). These grains are euhedral to subhedral and show oscillatory
zoning.5.3. Zircon trace elements
Zircons in the charnockites, gneissic migmatites and Bt–Pl gneisses
have relatively high Th/U rations (usually >0.20) (Fig. 8). The early
Paleozoic grains show a large range of Th/U ratios and this range grad-
ually decreases from the charnockites (1.09–0.20), through gneissic
migmatites (0.77–0.08) to the Bt–Pl gneisses (0.57–0.01). In the plot
of (Yb/Gd)N vs Th/U, early Paleozoic zircons in the charnockites
(Fig. 8a) and gneissic migmatites (Fig. 8b) have (Yb/Gd)N rations
>10, and deﬁne an inversely correlated asymptotic trend, suggesting
they crystallized from an evolving magma (Wooden et al., 2006). The
zircons from the Bt–Pl gneisses show much more scatter, and no obvi-
ous trend;most of the early Paleozoic grains also show (Yb/Gd)N values
higher than 10 (Fig. 8c).
Most zircons from charnockites GZ0301 (Fig. 9a) and GZ0302
(Fig. 9b) are characterized by a steeply-rising slope from the LREE
to the HREE with a positive Ce anomaly and clear negative Eu anom-
aly (Eu* = 0.01–0.35), suggesting that they crystallized in the pres-
ence of a melt. In addition, two zircons (GZ0302-16c and -18) with
ages older than early Paleozoic have slightly negative Eu anomalies
and low HREE contents compared to the early Paleozoic grains
(Fig. 9b).
Zircons from gneissic migmatites GZ0307 (Fig. 9c) and GZ0705
(Fig. 9d) also show enrichment in HREEs and apparent negative Eu
anomalies (Eu* = 0.02–0.36), except for GZ0307-3 and -11, which
have moderate Eu anomalies (Eu* = 0.32 and 0.49). The Indosinianmetamorphic zircon GZ0307-3 with dark zoning has relatively ﬂat
HREE patterns (Fig. 9c) and low (Yb/Gd)N = 1.98 and Th/U = 0.01
(Fig. 8c), implying it recorded a later metamorphism at ca 241 Ma.
As in the charnockites and gneissic migmatites, most zircons from
Bt–Pl gneisses GZ0101 and GZ0102 show enrichment in HREE and
clear negative Eu anomalies (Eu* = 0.03–0.29), except two grains,
GZ0101-7 (Fig. 9e) and GZ0102-5 (Fig. 9f), which have moderate Eu
anomalies varying from 0.46 to 0.44.5.4. Zircon Hf isotopes
All the early Paleozoic zircons from the charnockites have negative
εHf (t) values (−16.2 to −5.7), and give TDM (depleted mantle Hf
model ages) = 1.7–1.3 Ga and TCRUST (crustal Hf model ages) = 2.4–
1.8 Ga (Fig. 10). The oldest grain GZ0301-4c with a Neoarchean age
(2841 Ma) has a positive εHf (+9.4), and similar TDM of 2.7 Ga. Three
grains with Mesoproterozoic ages (1404–1242 Ma) have εHf (t) values
from −8.7 to +4.1 and show TDM = 2.2–1.7 Ga and TCRUST = 2.7–
1.9 Ga. The εHf (t) values of the Neoproterozoic zircons are negative
(−19.0 to−1.6) with TDM = 1.9–1.4 Ga and TCRUST = 2.7–1.8 Ga.
Like the zircons from the charnockites, all the early Paleozoic
zircons from the two gneissic migmatites have evolved Hf isotopic
compositions with 176Hf/177Hfi ratios varying from 0.282065 to
0.282374, corresponding to negative εHf (−15.3 to −3.5). They give
Mesoproterozoic to Paleoproterozoic TDM = 1.7–1.2 Ga and Paleo-
proterozoic TCRUST = 2.4–1.7 Ga. A Neoarchean zircon (2560 Ma)
has positive εHf (+1.2), TDM = 2.8 Ga and TCRUST = 3.0 Ga. Zircons
with ages of 1.2–0.9 Ga show εHf (t) values ranging from +6.5 to
−6.2 with their TDM = 1.9–1.2 Ga and TCRUST = 2.3–1.4 Ga. The
Neoproterozoic zircons (895–571 Ma) record variable εHf (+7.8 to
−24.0), corresponding to TDM = 2.2–1.1 Ga and TCRUST = 3.1–
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Fig. 9. Chondrite-normalized trace element diagrams of zircons from the charnockite (GZ0301 and GZ0302), gneissic migmatite (GZ0307 and GZ0705) and Bt–Pl gneiss (GZ0101
and GZ0102) in the Yunkai uplift.
139D. Wang et al. / Lithos 175–176 (2013) 124–1451.3 Ga. Two late Paleozoic metamorphic zircons (GZ0307-3 and 8r)
give εHf (t) values of −7.6 and −13.7 with TCRUST = 1.7 Ga and
TCRUST = 2.2 Ga, respectively.
The early Paleozoic zircons from the Bt–Pl gneisses range in εHf (t)
from −34.1 to −1.5, corresponding to a large spectrum of TDM
(1.1–2.4 Ga) and TCRUST (3.6–1.5 Ga). The oldest grain with a Paleo-
proterozoic age (2375 Ma) gives a very high εHf (+15.2), and cor-
responds to similar TDM = 2.1 Ga and TCRUST = 2.0 Ga. The 1.8–
1.2 Ga zircons have variable εHf (t) ranging from +11.5 to −0.9
and give TDM = 2.2–1.3 Ga and TCRUST = 2.4–1.3 Ga. One of them
with a 207Pb/206Pb age of 1291 Ma yields a very high εHf (+11.5)
with similar TDM (1.3 Ga). The 841–533 Ma zircons also show vari-
able εHf (t) values from +9.0 to −14.5, corresponding to TDM =
1.9–1.0 Ga and TCRUST = 2.6–1.1 Ga.5.5. Whole-rock major elements
The charnockites (GZ0301, GZ0302 and GZ0303) have similar
major-element compositions, with SiO2 (65–64 wt.%), Al2O3 (15.2–
14.9 wt.%), CaO (4.24–4.05 wt.%), Na2O (2.8–2.5 wt.%) and K2O
(1.7–1.6 wt.%). The gneissic migmatites (GZ0304, GZ0701 and
GZ0705) have higher SiO2 (72–68 wt.%) and K2O (4.8–3.0 wt.%) con-
tents than the charnockites. The charnockites and the gneissic
migmatites are both peraluminous as indicated by the alumina satu-
ration index values (i.e. A/CNK > 1.0; Fig. 11a). These geochemical
features are consistent with those of rocks from the Yunkai uplift
reported by You et al. (1994) and Peng et al. (2006). In a plot of
FeOT/(FeOT + MgO) vs SiO2, they are magnesian (Fig. 11b). The
Al-rich gneisses (GZ0101 and GZ0201) have variable SiO2 (81–69
0.2805
0.2810
0.2815
0.2820
0.2825
0.2830
0 500 1000 1500 2000 2500 3000 3500
Bt-Pl gneiss
gneissic migmatite
charnockite
Age(Ma)
17
6 H
f/1
77
fH
i
176
177Lu/ Hf=0.015
DMCHUR
3.6 Ga
2.5 Ga
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140 D. Wang et al. / Lithos 175–176 (2013) 124–145wt.%), Al2O3 (14.4–8.6 wt.%), CaO (1.7–0.6 wt.%) and K2O (3.9–
1.9 wt.%). They are strongly peraluminous with A/CNK > 1.1.
6. Discussion
6.1. Nature and source of protoliths
All the investigated rocks, including charnockites, gneissic migmatites
and gneisses, are peraluminous. Combinedwith themineral assemblages,
this suggests that their protoliths were (meta-) sedimentary rocks.
Inherited or detrital zircons from these rocks give a wide range of ages
(2.8–0.4 Ga, Figs. 6 and 7) and have widely variable Th/U ratios (0.12–
1.31, Fig. 8). Most of them have negative Eu anomalies and enriched
HREE patterns (Fig. 9), suggesting that they are grains ofmagmatic zircon
(Corfu et al., 2003).
One concordant zircon core (GZ0301-4c) as old as 2.8 Ga with
juvenile Hf-isotope compositions (2.7 Ga TDM) was obtained from
the charnockite. The 2.5–2.4 Ga zircons from our samples have εHf
(t) values ranging from +1.2 to +15.2 and TDM of 2.8–2.1 Ga,
reﬂecting juvenile crustal growth at this time. Mesoproterozoic to
Paleozoic zircons (1.4–0.45 Ga) have strongly negative εHf (t) =
−34.1 to −8.3 and give neo-Mesoarchean TCRUST = 3.6–2.5 Ga.
These data suggest the presence of Archean components beneath
the Yunkai uplift. In addition, a large number of inherited and
detrital zircons with U–Pb ages of >2.5 Ga were reported from
rocks in the Yunkai uplift, including granitoids (Wan et al., 2010),0.80
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Fig. 11. Major element compositions of the Yunkai charnockite and gneissitwo-mica gneiss and paragneissic enclaves from the Gaozhou area
(Wang et al., 2011), gneiss from the Luoding area (Yu et al., 2010),
and biotite paragneiss from the Xinyi area (Wang et al., 2007)
(Fig. 2). Similar old components are also recorded by the zircon
xenocrysts in the Cenozoic Pingnan basalts and the Mesozoic Pingle
minettes; these xenocrysts were derived from deep crust in the
Guangxi area of the western Cathaysia block, 180–250 km north of
the Yunkai uplift (PL, XLD and ST in Fig. 1; Zheng et al., 2011).
All these observations combined with the zircon data from the
maﬁc xenoliths and their host basalts near Daoxian (DX, Fig. 1a)
suggest that Archean components (~3.6 Ga) are widespread in the
Cathaysia block, and experienced complex crustal accretion and
reworking from Neoarchean time onward (Fig. 10). Although a few
Neoarchean outcrops have been reported within the Cathaysia
block, the granulite (Yu et al., 2005), amphibolite (X.H. Li et al.,
1998), granitoids (Ding et al., 2005) and gneiss (Xu et al., 2005; Yu
et al., 2007) have provided evidence of Archean relics. The oldest
known rock in the Yangtze block is a ca 3.3 Ga trondhjemitic gneiss
located in the north of the Kongling terrain (Gao et al., 2011). Com-
bined with the occurrences of these Archean “windows”, we thus
consider that the South China block is likely to be an old continent.
It underwent major juvenile crustal additions at ca 3.3–3.2 Ga, ca
2.9 Ga, ca 2.7–2.6 (e.g. Chen et al., 2013 and this study). In compar-
ison, the North China block shows widespread Archean rocks dating
back to ca 3.8 Ga and experienced major crustal growth at ca 2.8–
2.7 Ga (e.g. Geng et al., 2012). These data suggest that the South
China block and the North China block have distinct histories of
crustal formation and evolution.
The Mesoproterozoic 1.5–1.25 Ga zircons with variable Hf isotopic
compositions (εHf = −8.7 to +11.5 and TDM = 2.2–1.3 Ga) from
Bt–Pl gneisses and charnockites imply a Mesoproterozoic reworking
of the ancient crust with some addition of juvenile material around
1.3 Ga. Some detrital zircons with ages of 1.5–1.25 Ga from the North
River in the western Cathaysia block show lower (176Hf/177Hf)i and
yield Archean model ages, consistent with their Neoarchean protolith;
others suggest juvenile addition (Xu et al., 2007). This is also demon-
strated by the occurrence of the ca 1430 Ma granodiorites in Hannan
Province in the southern Cathaysia block (Z.X. Li et al., 2002). The ca
1.5 Ga maﬁc intrusions (dominantly gabbros) which have been identi-
ﬁed in western Yangtze block probably reﬂect magmatism related to
the break-up of the supercontinent Nuna/Columbia (Fan et al., 2013).
Zircons with ages of 1.2–0.9 Ga give a large range in εHf (t) values
(+10.2 to −18.4) and TDM = 1.9–1.1 Ga and TCRUST = 2.3–1.2 Ga,
suggesting a tectono-thermal event that involved both re-melting of
ancient crust and the addition of juvenile material. It is supported
by the high positive εHf (t) (up to +10.5) values of Neoproterozoic
zircons from gneissic granite and the Luoding Gneiss in the Yunkai
area (Wang et al., 2011; Yu et al., 2010). This inferred event is related0.40
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Table A.1
Synthesis of rocks with the age of 1.2–0.85 Ga in the South China block.
Sample Rock type Sampling location Dating method Reference Age (Ma)
03KD524 Tuff Laowushan Formation north (near Kunming) SHRIMP U–Pb zircon dating Greentree et al. (2006) 1142 ± 16
03KD531 Tuff Laowushan Formation north (near Kunming) SHRIMP U–Pb zircon dating Greentree et al. (2006) 995 ± 15
99KD33 Granitic gneiss Southern margin of the Yangtze block SHRIMP U–Pb zircon dating Z.X. Li et al. (2002) 1007 ± 14
G3-29-2 Ignimbrite Central Yunnan Province SHRIMP U–Pb zircon dating Zhang et al. (2007) 1032 ± 9
04ZJ67 Rhyolite Middle Shuangxiwu Group SHRIMP U–Pb zircon dating Li et al. (2009) 926 ± 15
97Zh6 Rhyolite Uppermost Shuangxiwu Group SHRIMP U–Pb zircon dating Li et al. (2009) 891 ± 12
04ZJ-11 Tonalite Taohong stock (northeastern Zhejiang) SHRIMP U–Pb zircon dating Ye et al. (2007) 913 ± 15
02SC78 Granodiorite Xiqiu stock (northeastern Zhejiang) SHRIMP U–Pb zircon dating Ye et al. (2007) 905 ± 14
07shx-1-1 Keratophyre Northeast part of Jiangshao Fault LA–ICP-MS zircon dating Chen et al. (2009) 904 ± 8
07bk-4 Keratophyre Northeast part of Jiangshao Fault LA–ICP-MS zircon dating Chen et al. (2009) 906 ± 10
SQS-03 Quartz-keratophyre Shuangqiaoshan Group (Jiangnan orogen) LA–ICP-MS zircon dating Wang et al. (2008) 878 ± 5
SQS-08-1 Tuff Shuangqiaoshan Group (Jiangnan orogen) LA–ICP-MS zircon dating Wang et al. (2008) 879 ± 6
Jx-12, 13 Glaucophane schist Eastern Jiangnan belt K-Ar glaucophane Shu et al. (1994) 866 ± 14
Table A.2
Summary of P–T conditions of charnockite, granulite and migmatite in the Yunkai uplift.
Bt–Opx granulite
enclave
Charnockite Migmatites
Chen and Zhuang
(1994)
Chen and Zhuang
(1994)
Zhou et al.
(1997)
Thermometer (°C)
Grt–Bt 807–836 728–842 611–692
Grt–Opx 726–760 775–822 701–712
Grt–Am 652
Am–Pl 650–670
Geobarometer (kbar)
Grt–Opx–Pl–Qz 6.0–6.9 5.2–5.3 6.9
Aluminum in
hornblende
5.0–5.3
141D. Wang et al. / Lithos 175–176 (2013) 124–145to the formation of the South China block by welding of the Yangtze
and Cathaysia blocks along the Proterozoic structure zone (Fig. 1;
Jiangnan orogen), which also led to Neoproterozoic magmatism and
metamorphism (keratophyre, rhyolite, granodiorite, tuff, ignimbrite,
glaucophane schist and granitic gneiss) in the South China block
(Chen et al., 2009; Li et al., 2009; Shu et al., 1994; Wang et al.,
2008; Ye et al., 2007; Z.X. Li et al., 2002; Zhang et al., 2007,
Table A.1). The radiogenic Hf and Nd signatures of the granitoids in
the Jiangnan orogen also reﬂect incorporated juvenile arc crust and
document crustal growth in southern China at ca 900 Ma. These gran-
itoids, which are widely regarded as the products of orogenesis that
primarily recycled evolved crust, recorded important information
about early crustal growth (X.L. Wang et al., 2013).
Seven zircons with ages of 850–750 Ma show variable εHf (t) values
(−18.4 to+9.0) and have TDM = 1.9–1.0 Ga and TCRUST = 2.6–1.1 Ga,
suggesting the further reworking of the old crust during this period
(Fig. 10). This age corresponds to the deposition of major sedimentary
sequences in the Nanhua Rift, reﬂecting the extensional tectonic envi-
ronment in the South China block (e.g. Li et al., 2003; X.H. Li et al.,
2002). It is also consistent with the presence of ca 820 Ma bimodal vol-
canic rocks at Mamianshan in the Cathaysia block, consistent with an
extensional setting (Li et al., 2005). This extension may reﬂect the ca
850 Ma mantle plume beneath the South China block, which induced
both the development of the Nanhua Rift and coeval intraplate
magmatism (Li et al., 2003). There is no apparent juvenile input in our
samples at this time, whichmay indicate that the felsic rocks were gen-
erated by partial melting of more maﬁc protoliths.
Pan-African ages (750–540 Ma) are recorded by thirteen zircons
from charnockites, migmatites and Bt–Pl gneisses. These grains have
εHf (t) values from−24.0 to +3.8, indicating the reworking of the old
crustal components during these times (Fig. 10). More and more
Pan-African ages have recently been identiﬁed in the Cathaysia block
(Shu et al., 2011; Xu et al., 2007), perhaps related to the amalgamation
of the east Gondwana supercontinent (Yu et al., 2010, 2012).
6.2. Early Paleozoic high-T granulite facies anatexis in the Yunkai uplift
Detailed petrographic studies reveal that the Gaozhou Complex
has undergone dehydration melting of biotites and muscovites
(Figs. 3 and 4). In the Grt–Sil–Bt gneiss (e.g. GZ0201) Kfs is associated
with Sil and Qz (Fig. 5f) and falls in the Grt + Bt + Sil + Kfs + melt
stability ﬁeld of the pressure–temperature diagram, which suggests
that it experienced medium-P, high-T conditions (Spear et al, 1999).
The melts (leucocratic layers in the gneisses, Fig. 5e) were produced
through the dehydration melting reaction Ms + Pl + Qz = Sil +
Kfs + melt (Spear et al, 1999); Ms has disappeared and minor Pl
remains in this sample. Migmatites in this area were formed at tem-
perature up to 712 °C and P = 5.0–6.9 kbar (Zhou et al., 1997;
Table A.2). The Bt–Opx granulite enclaves were also probably formed
by the prograde dehydration melting of biotite (Chen et al., 2012).The Opx–Bt and Opx–Grt–Pl–Qz thermobarometries of the granulite
enclaves indicate that the peak granulite facies metamorphism
reached T = 775–822 °C and P = 6.0–6.9 kbar (Chen and Zhuang,
1994, Table A.2). Our observations suggest that the charnockites
record the dehydration of biotite (or melt-producing reactions,
such as Bt + Qz + Pl = Opx +Kfs + melt, Bt + Qz + Pl + Sil =
Grt + Kfs + melt) (Fig. 4a–d). The Opx–Grt and Opx–Grt–Pl–Qz
thermobarometries in the charnockites indicate that partial melting
occurred at T = 807–836 °C and P = 5.2–5.3 kbar (Chen and Zhuang,
1994, Table A.2). The petrography also shows melt-consuming reac-
tions (such as Opx + melt =Qz + Bt and Grt + melt = Qz + Bt)
(Fig. 4e–h, Sawyer, 2008). It has been documented that if no melt is
lost, the anhydrous granulitic assemblages are prone to extensive retro-
gression during cooling, and hydrous assemblageswill develop through
back-reactions involving the crystallization of melt (Groppo et al.,
2012). This supports the idea that there was no melt lost from the
charnockites, which represent nearly in situ partial melting processes.
In contrast, abundant plagioclase-rich volumes were found in the
gneissic migmatites (Fig. 5a and b), suggesting that more melts were
produced that did segregate from the source rocks. As all of these
rocks are products of the early Paleozoic orogenesis (Chen et al., 2012;
Wan et al., 2010; Wang et al., 2011), we consider that the Gaozhou
Complex experienced early Paleozoic regional medium pressure,
high-T granulite facies metamorphism and anatexis.
Zircon usually grows as a result of melt crystallization and reﬂects
ages slightly later than the peak of the granulite facies (Kelsey et al.,
2008). The euhedral oscillatorily-zoned rims on zircons from the
charnockites, gneissic migmatites and gneisses have variable Th/U
(Fig. 8) and show steeply-rising REE patterns with a positive Ce
anomaly and clear negative Eu anomaly (Fig. 9); these features
strongly suggest that they (re-) crystallized from crustal melts.
Zircons from charnockites (GZ0301 and GZ0302) give a weighted
mean 206Pb/238U age of 439 Ma (Fig. 7a–b). Zircons from the gneissic
migmatites (GZ0307 and GZ0705) have similar ages at 438–437 Ma
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Fig. 12. Histograms of TCRUST (crustal Hf model age) for early Paleozoic zircons from the
charnockites and gneissic migmatites in the Yunkai uplift.
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slightly younger than the charnockites and gneissic migmatites, and
may record the timing of migmatization at 432–425 Ma (Fig. 7e–f).
It has been argued previously that the granulite-facies metamor-
phism in the Gaozhou Complex occurred at ca 440 Ma, based on elec-
tron microprobe (EMP) dating of monazite in the Grt–Crd and Bt–Opx
granulite (Chen et al., 2012). Therefore, we suggest that the major
partial melting in the Yunkai uplift could have started at ca 440 Ma
and ended at ca 425 Ma. This is consistent with the magmatic and
metamorphic zircon ages from the Gaozhou Complex, which range
from 455 to 422 Ma (Wan et al., 2010). The granitoids from the
Wuyi and Yunkai areas also give zircon U–Pb ages of 457–415 Ma
with a peak age of 436 Ma (Wang et al., 2011). All these observations
suggest that high-grade metamorphism and anatexis occurred during
the same tectonothermal event in early Paleozoic time.
The early Paleozoic zircons from charnockites, gneissic migmatites
and Bt–Pl gneisses give a large range of negative εHf (t) values from
−34.1 to −1.5 with TDM = 2.4–1.1 Ga and TCRUST = 3.6–1.5 Ga
(Fig. 10), indicating that this event involved the extensive reworking
of older crustal materials (>1.5 Ga). The exposed area of over
20,000 km2 underlain by metaluminous or peraluminous granitoids
in the eastern South China block (R. Liu et al., 2010; Shu et al., 2008;
Wang et al., 2007, 2011; Y.J. Wang et al., 2013; Zeng et al., 2008),
testiﬁes to widespread crustal melting in the early Paleozoic with
relatively little input of mantle-derived magmas (Li et al., 2010;
Wang et al., 2011).
6.3. Constraints on the evolution of the intraplate Wuyi–Yunkai orogen
The Wuyi–Yunkai orogen covers more than half of the area of the
Cathaysia block (Li et al., 2010), and an understanding of its evolution
needs to consider the nature of the basement in the Cathaysia
block. The known exposed rocks of the Cathaysia block are mainly
Neoproterozoic to Paleozoic, with minor Paleoproterozoic outcrops
(e.g. Ding et al., 2005; Z.X. Li, 1998; Yu et al., 2005, 2007). However,
this study suggests that the deeper crust of the Cathaysia block con-
tains Archean materials as old as ca 3.6 Ga. Studies of detrital zircons
from rivers and sedimentary rocks, and zircon xenocrysts from volca-
nic rocks (Wang et al., 2007; Xu et al., 2007; Yu et al., 2010; Zheng et
al., 2011) indicate that Archean basement also exists in the deep crust
of the Cathaysia block.
A large database of Nd model ages (Chen and Jahn, 1998; Shen et
al., 2007), mainly from late Mesozoic magmatic rocks, shows that the
Cathaysia block may have widespread Proterozoic basement. This is
supported by zircon U–Pb dating and Hf isotope data from the
Yunkai, Nanling and Wuyi areas (Fig. 1, e.g. Xu et al., 2005; Zeng et
al., 2008). Zircon SHIRMP dating (Ding et al., 2005) indicates that
the protoliths of Tiantangshan garnet pyroxenites in the Yunkai
area were formed in the Paleoproterozoic. The early Paleozoic zir-
cons of the Yunkai charnockites and gneissic migmatites yielded
εHf (t) = −16.2 to −3.5 and TCRUST = 2.4–1.7 Ga (with the peak
at ca 2.1–1.8 Ga, Fig. 12), suggesting the reworking of the
Paleoproterozoic (or older) basement. Zircon data from granites
and surrounding rocks in the Nanling area reveal that the Lanhe
felsic gneiss is an outcrop of Mesoproterozoic (1.5–1.3 Ga) basement
(Xu et al., 2005). According to the Hf crustal model ages (TCRUST) for
the Jurassic, Triassic and Ordovician granitic plutons, the Nanling
area can be divided into three parts: eastern side (TCRUST =
2.2–1.6 Ga), middle part (TCRUST = 1.6–1.0 Ga) and western side
(TCRUST = 2.2–1.8 Ga) (Shu et al., 2013). The middle section partly
coincides with the belt of low Nd model ages (Fig. 1) proposed by
Chen and Jahn (1998). Shu et al (2013) considered that the granite
belt with low TCRUST is probably part of the early Neoproterozoic
arc-continent collisional belt between different continents (possibly
Yangtze and Cathaysia) during the early assembly processes. The
Gaozhou Complex also records some juvenile materials during theNeoproterozoic (Fig. 10). However, considering that the Yunkai
area is located in the southeast of the belt with low Nd model ages
(Fig. 1), whereas our samples have relative high TCRUST (2.4–1.7 Ga)
(Fig. 12), the Yunkai area probably belongs to the western Cathaysia
block, not to the belt of lowNdmodel ages. Themetamorphic basement
rocks in the Tianjingping in the Wuyi area (Fig. 1) were formed in the
Paleoproterozoic, based on a SHRIMP U–Pb zircon isotopic age of
1766 ± 19 Ma obtained from amphibolites (X.H. Li et al., 1998). Early
Paleozoic Tianjingping migmatites were also regarded as products of
the reworking of the Paleoproterozoic basement (Zeng et al., 2008).
Our studywith the data collected from theWuyi and Nanling areas sug-
gests that there probably was a widespread Proterozoic to Archean
basement beneath the Cathaysia block, and that this basement was
reactivated to generate granitoids during later tectonothermal events
such as the early Paleozoic (Caledonian) Wuyi–Yunkai orogeny.
The controversies about the nature of the Wuyi–Yunkai orogen are
mainly focused on two views: collisional belt (Guo et al., 1989; Hsü et
al, 1990; Li, 1993) versus intracontinental orogen (e.g. Charvet et al.,
2010; Li and Powell, 2001; Wang et al., 2007). In the last decade,
based on the structural, petrological and geochemistry studies, it has
become generally accepted that this orogen is an intraplate one, due
to the shortening of the late Neoproterozoic continental Nanhua Rift
(e.g. Charvet, 2013; Charvet et al., 2010; Faure et al., 2009; Li et al.,
2010; Shu et al., 2008). However, there are different models for the
early Paleozoic Wuyi–Yunkai orogen. Faure et al. (2009) suggested
that a possible mechanism could be an intracontinental subduction, in
which decollements accommodated the north-directed subduction of
the Cathaysian continent. Li et al. (2010) considered that the basinal
sediments of the Nanhua Rift were buried tomid-crustal levels through
NW-directed thrusting of the Cathaysia block during the Wuyi–Yunkai
orogeny, and subsequently caused dehydration partial melting of the
Proterozoic crust. Charvet et al. (2010) presented a model for a quasi-
symmetrical shortening of the earlier Nanhua rift, involving the
inversion of some older normal faults. Although the structural
patterns of theWuyi–Yunkai orogeny are still debatable, it is suggested
that the discrete thrust sheets closed the pre-existing Nanhua Rift, in-
ducing crustal thickening and partial melting (Charvet, 2013 and refer-
ence therein).
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as low as b700 °C if an aqueous ﬂuid phase is present. Leucogranitic
magmas that formed simply by crustal melting are likely to be
water-enriched and therefore will not crystallize as charnockites
(Frost et al., 2000). However, it also has been demonstrated that gran-
itoids (e.g. Ballachulish pluton in Scotland) can potentially contain
Opx if they were hot and dry enough (Frost and Frost, 2008; Weiss
and Troll, 1989). The Yunkai charnockites record relatively high-T
(>800 °C) granulite-facies anatexis involving extensive ﬂuid-absent
melting of biotite at intermediate crustal depths. The later reaction
rims in the charnockite were formed through the reactions An +
Opx = Grt1 + Qz and An + Bt = Grt1 + Qz + Kfs (Fig. 4f and h).
This late Grt1 + Qz reaction rim implies that the charnockites experi-
enced near-isobaric cooling conditions after peak metamorphism
under ﬂuid-absent conditions, nearly in situ, at deeper crustal levels
(Chen and Zhuang, 1994).
Besides the petrological–geochemical approach, the structural
analysis is relevant to discussions of the tectonic setting in the study
area. The high-grade metamorphic rocks in the Yunkai uplift record
a polyphase deformation, based on the ﬁeld observations. The
top-to-the-northwest ductile shear zones that develop at the dome
margins are attributed to the early Paleozoic (470–410 Ma) D1
event, which has been considered as a synmigmatization extensional
event or syngranite emplacement event (Lin et al., 2008). As the
undeformed charnockite and weakly deformed migmatites are locat-
ed in the central part of the dome in the Gaozhou Complex (Fig. 3),
they probably were not signiﬁcantly affected by the ductile deforma-
tion. So far, it is also unclear whether the doming induced the local
extension or the extensional setting impelled the dome emplace-
ment. On the other hand, it has been reported that the early Paleozoic
large thrust sheets or nappes were responsible for crustal shortening
and thickening, possibly synchronous with a general strike-slip envi-
ronment (Charvet et al., 2010). The overthickened crust produced
during collisional orogenesis may lead to high-T metamorphism and
crustal anatexis (Brown, 1994), such as the large-scale granitoid
bodies formed by dehydration melting of micas and amphiboles in
the Himalayan orogen (e.g. Aikman et al., 2008; Zeng et al., 2011).
Thus, synthesizing the petrologic features and geochemical data, we
consider that melt production in the Gaozhou Complex was probably
related to dehydration melting of muscovite and biotite, and was
mainly caused by crustal thickening at ca 440–425 Ma through the
shortening of the Nanhua Rift during intraplate Wuyi–Yunkai oroge-
ny. The heat may have been producedmainly through the decay of ra-
dioactive elements in the sediment during crustal thickening (Wang
et al., 2007), possibly with some residual heat from Neoproterozoic
plume activity in the region (Li et al., 2005, 2008), and either with
or without the indirect inﬂuence of the upwelling asthenosphere
and basaltic underplating (Wang et al., 2007; Yao et al., 2012). The
P-T-t path in the Yunkai uplift needs improvement to provide further
constraints on details of the relationships between crustal anatexis
and the evolution of the intraplate Wuyi–Yunkai orogen. In addi-
tion, relatively little is known about the geodynamic process trig-
gering this early Paleozoic intraplate orogeny. The forces at plate
margins, which can be transmitted over thousands of kilometers
into heterogeneous plate interiors (Dyksterhuis and Müller, 2008),
may be the one of the causes of the early Paleozoic intraplate crustal
shortening in tectonically weak belts (such as Nanhua Rift) in the
South China block.
7. Conclusions
1) The Cathaysia block contains old crustal components (ca 3.6 Ga)
and experienced complex crustal modiﬁcation including the addi-
tion of juvenile mantle-derived materials at ca 2.7 Ga, 1.6–1.2 Ga
and 1.2–0.9 Ga, and the reworking of the old crustal componentsat ca 850–750 Ma, 750–540 Ma, 460–450 Ma and more intensive-
ly at ca 440 Ma.
2) The Gaozhou Complex of the Yunkai uplift was formed through
high-T dehydration of micas at ca 440–425 Ma, which was pro-
moted by crustal shortening and thickening of the intraplate
Wuyi–Yunkai orogen.
3) A widespread Proterozoic–Archean basement probably has existed
beneath the Cathaysia block, and was intensively reworked to
generate the early Paleozoic granitoids during the intraplate
Wuyi–Yunkai orogeny.
Acknowledgments
We are grateful to the Journal editor (Dr. Marco Scambelluri) and
two reviewers (Dr J. Charvet and an anonymous) for their signiﬁcant
and constructive comments. Insightful suggestions from Profs Chunjing
Wei, Chris Clark and Min Sun improved an earlier version of the
manuscript. Jiamin Wang, Xianquan Ping and Qing Xiong are thanked
for their constant and patient assistance with analytical work. This
study was supported by the 973 project (2011CB403102) and the
National Nature Science Foundation of China (41072047, 41130315
and 91214204). This is contribution 879 from the ARC National Key
Centre for Geochemical Evolution and Metallogeny of Continents
(www.es.mq.edu.au/GEMOC) and 313 from the ARC Centre of Excel-
lence for Core to Crust Fluid Systems (CCFS).
References
Aikman, A.B., Harrison, T.M., Lin, D., 2008. Evidence for early (>44 Ma) Himalayan
crustal thickening, Tethyan Himalaya, southeastern Tibet. Earth and Planetary
Science Letters 274, 14–23.
Amelin, Y., Lee, D.C., Halliday, A.N., 2000. Early-middle Archaean crustal evolution
deduced from Lu–Hf and U–Pb isotopic studies of single zircon grains. Geochimica
et Cosmochimica Acta 64, 4205–4225.
Andersen, T., 2002. Correction of common lead in U–Pb analyses that do not report
204Pb. Chemical Geology 192, 59–79.
Beaumont, C., Jamieson, R.A., Nguyen, M.H., Lee, B., 2001. Himalayan tectonics explained
by extrusion of a low-viscosity crustal channel coupled to focused surface denudation.
Nature 414, 738–742.
Brown,M., 1994. The generation, segregation, ascent and emplacement of granitemagma:
the migmatite-to-crustally-derived granite connection in thickened orogens. Earth-
Science Reviews 36, 83–130.
Brown, M., 2002. Retrograde processes in migmatites and granulites revisited. Journal
of Metamorphic Geology 20, 25–40.
Brown, M., 2007. Crustal melting and melt extraction, ascent and emplacement in
orogens: mechanisms and consequences. Journal of the Geological Society 164,
709–730.
Brown,M., Rushmer, T., 2006.Melt extraction from the lower continental crust of orogens:
the ﬁeld evidence. In: Brown, M., Rushmer, T. (Eds.), Evolution and Differentiation of
the Continental Crust. Cambridge University Press, Cambridge, pp. 332–384.
Charvet, J., 2013. The Neoproterozoic–Early Paleozoic tectonic evolution of the South
China Block: an overview. Journal of Asian Earth Sciences. http://dx.doi.org/
10.1016/j.jseaes.2013.02.015.
Charvet, J., Shu, L.S., Shi, Y.S., Guo, L.Z., Faure, M., 1996. The building of south China:
collision of Yangzi and Cathaysia blocks, problems and tentative answers. Journal
of Southeast Asian Earth Sciences 13, 223–235.
Charvet, J., Shu, L.S., Faure, M., Choulet, F., Wang, B., Lu, H., Breton, N.L., 2010. Structural
development of the Lower Paleozoic belt of South China: genesis of an
intracontinental orogen. Journal of Asian Earth Sciences 39, 309–330.
Chen, J., Jahn, B., 1998. Crustal evolution of southeastern China: Nd and Sr isotopic
evidence. Tectonophysics 284, 101–133.
Chen, B., Zhuang, Y.X., 1994. The petrology and petrogenesis of Yunlu charnockite and
its granulite inclusion, west Guangdong, South China. Acta Petrologica Sinica 10,
139–149 (in Chinese with English abstract).
Chen, Z.H., Xing, G.F., Guo, K.Y., Dong, Y.G., Chen, R., Zeng, Y., Li, L.M., He, Z.Y., Zhao, L.,
2009. Petrogenesis of keratophyes in the Pingshui Group, Zhejiang: constraints
from zircon U–Pb ages and Hf isotopes. Chinese Science Bulletin 54, 1570–1578.
Chen, C.H., Liu, Y.H., Lee, C.Y., Xiang, H., Zhou, H.W., 2012. Geochronology of granulite,
charnockite and gneiss in the poly-metamorphosed Gaozhou Complex (Yunkai
massif), South China: emphasis on the in-situ EMP monazite dating. Lithos
144–145, 109–129.
Chen, K., Gao, S., Wu, Y.B., Guo, J.L., Hu, Z.C., Liu, Y.S., Zong, K.Q., Liang, Z.W., Geng, X.L.,
2013. 2.6–2.7 Ga crustal growth in Yangtze craton, South China. Precambrian
Research 224, 472–490.
Chu, N.C., Taylor, R.N., Chavagnac, V., Nesbitt, R.W., Boella, R.M., Milton, J.A., German,
C.R., Bayon, G., Burton, K., 2002. Hf isotope ratio analysis using multi-collector
inductively coupled plasma mass spectrometry: an evaluation of isobaric interfer-
ence corrections. Journal of Analytical Atomic Spectrometry 17, 1567–1574.
144 D. Wang et al. / Lithos 175–176 (2013) 124–145Corfu, F., Hanchar, J.M., Hoskin, P.W.O., Kinny, P., 2003. Atlas of zircon textures.
Reviews in Mineralogy and Geochemistry 53, 469–500.
Ding, X., Zhou, X.M., Sun, T., 2005. The episodic growth of the continental crustal base-
ment in South China. Geological Review 51, 382–392 (in Chinese).
Dyksterhuis, S., Müller, R.D., 2008. Cause and evolution of intraplate orogeny in Australia.
Geology 36, 495–498.
Fan, H.P., Zhu, W.G., Li, Z.X., Zhong, H., Bai, Z.J., He, D.F., Chen, C.J., Cao, C.Y., 2013. Ca.
1.5 Ga maﬁc magmatism in South China during the break-up of the supercontinent
Nuna/Columbia: the Zhuqing Fe–Ti–V oxide ore-bearing maﬁc intrusions in western
Yangtze Block. Lithos 168–169, 85–98.
Faure, M., Shu, L.S., Wang, B., Charvet, J., Choulet, F., Monie, P., 2009. Intracontinental
subduction: a possible mechanism for the Early Paleozoic Orogen of SE China.
Terra Nova 21, 360–368.
Flowerdew, M.J., Millar, I.L., Vaughan, A.P.M., Horstwood, M.S.A., Fanning, C.M., 2006.
The source of granitic gneisses and migmatites in the Antarctic Peninsula: a
combined U–Pb SHRIMP and laser ablation Hf isotope study of complex zircons.
Contributions to Mineralogy and Petrology 151, 751–768.
Foster, D.A., Schafer, C., Fanning, C.M., Hyndman, D.W., 2001. Relationships between
crustal partial melting, plutonism, orogeny, and exhumation: Idaho-Bitterroot
batholith. Tectonophysics 342, 313–350.
Frost, B.R., Frost, C.D., 2008. On charnockites. Gondwana Research 13, 30–44.
Frost, B.R., Frost, C.D., Hulsebosch, T.P., Swapp, S.M., 2000. Origin of the charnockites of
the Louis lake Batholith, wind River Range, Wyoming. Journal of Petrology 41,
1759–1776.
Gao, S., Yang, J., Zhou, L., Li, M., Hu, Z.C., Guo, J.L., Yuan, H.L., Gong, H.J., Xiao, G.Q., Wei,
J.Q., 2011. Age and growth of the Archean Kongling terrain, South China, with
emphasis on 3.3 Ga granitoid gneisses. American Journal of Science 311, 153–182.
Geng, Y.S., Du, L.L., Ren, L.D., 2012. Growth and reworking of the early Precambrian
continental crust in the North China Craton: constraints from zircon Hf isotopes.
Gondwana Research 21, 517–529.
Greentree, M.R., Li, Z.X., Li, X.H., Wu, H.C., 2006. Late Mesoproterozoic to earliest
Neoproterozoic basin record of the Sibao orogenesis in western South China and
relationship to the assembly of Rodinia. Precambrian Research 151, 79–100.
Grifﬁn, W.L., Pearson, N.J., Belousova, E., Jackson, S.E., Van Achterbergh, E., O'Reilly, S.Y.,
Shee, S.R., 2000. The Hf isotope composition of cratonic mantle: LAM–MC-ICPMS
analysis of zircon megacrysts in kimberlites. Geochimica et Cosmochimica Acta
64, 133–147.
Grifﬁn, W.L., Wang, X., Jackson, S.E., Pearson, N.J., O'Reilly, S.Y., Xu, X.S., Zhou, X.M.,
2002. Zircon chemistry and magma mixing, SE China: in-situ analysis of Hf
isotopes, Tonglu and Pingtan igneous complexes. Lithos 61, 237–269.
Groppo, C., Rolfo, F., Indares, A., 2012. Partial melting in the higher Himalayan crystallines
of Eastern Nepal: the effect of decompression and implications for the ‘Channel Flow’
model. Journal of Petrology 53, 1057–1088.
Grujic, D., Hollister, L.S., Parrish, R.R., 2002. Himalayan metamorphic sequence as an
orogenic channel: insight from Bhutan. Earth and Planetary Science Letters 198,
177–191.
Guo, L.Z., Shi, Y.S., Lu, H.F., Dong, H.G., Yang, S.F., 1989. The pre-Devonian tectonic
patterns and evolution of South China. Journal of Southeast Asian Earth Sciences
3, 87–93.
Hawkesworth, C.J., Kemp, A., 2006. Evolution of the continental crust. Nature 443,
811–817.
Hollister, L.S., 1993. The role of melt in the uplift and exhumation of orogenic belts.
Chemical Geology 108, 31–48.
Hsü, K.J., Li, J., Chen, H.H., Wang, Q., Sun, S., Sengör, A.M.C., 1990. Tectonics of South
China: key to understanding West Paciﬁc geology. Tectonophysics 183, 9–39.
John, B.M., Zhou, X.H., Li, J.L., 1990. Formation and tectonic evolution of southeastern
China and Taiwan: isotopic and geochemical constraints. Tectonophysics 183,
145–160.
Kelsey, D.E., Clark, C., Hand, M., 2008. Thermobarometric modelling of zircon and mon-
azite growth in melt-bearing systems: examples using model metapelitic and
metapsammitic granulites. Journal of Metamorphic Geology 26, 199–212.
Kemp, A., Hawkesworth, C.J., Foster, G.L., Paterson, B.A., Woodhead, J.D., Hergt, J.M.,
Gray, C.M., Whitehouse, M.J., 2007. Magmatic and crustal differentiation history
of granitic rocks from Hf–O isotopes in zircon. Science 315, 980–983.
Kriegsman, L.M., 2001. Partial melting, partial melt extraction and partial back reaction
in anatectic migmatites. Lithos 56, 75–96.
Li, J.L., 1993. Tectonic framework and evolution of southeastern China. Journal of
Southeast Asian Earth Sciences 8, 219–223.
Li, Z.X., 1998. Tectonic history of the major East Asian lithospheric blocks since the
Mid-Proterozoic—a synthesis. Mantle dynamics and plate interactions in East
Asia, 27, pp. 221–243.
Li, Z.X., Powell, C.M., 2001. An outline of the palaeogeographic evolution of the Austral-
asian region since the beginning of the Neoproterozoic. Earth-Science Reviews 53,
237–277.
Li, X.H., Wang, Y.X., Zhao, Z.H., Chen, D.F., Zhang, H., 1998. SHRIMP U–Pb zircon geo-
chronology for amphibolite from the Precambrian basement in SW Zhejiang and
NW Fujian provinces. Geochimica 27, 327–334 (in Chinese with English abstract).
Li, X.H., Li, Z.X., Zhou, H.W., Liu, Y., Kinny, P.D., 2002. U–Pb zircon geochronology, geo-
chemistry and Nd isotopic study of Neoproterozoic bimodal volcanic rocks in the
Kangdian Rift of South China: implications for the initial rifting of Rodinia. Precam-
brian Research 113, 135–154.
Li, Z.X., Li, X.H., Zhou, H.W., Kinny, P.D., 2002. Grenvillian continental collision in south
China: new SHRIMP U–Pb zircon results and implications for the conﬁguration of
Rodinia. Geology 30, 163–166.
Li, Z.X., Li, X.H., Kinny, P.D., Wang, J., Zhang, S., Zhou, H., 2003. Geochronology of
Neoproterozoic syn-riftmagmatism in the Yangtze Craton, South China and correlationswith other continents: evidence for a mantle superplume that broke up Rodinia.
Precambrian Research 122, 85–109.
Li, W.X., Li, X.H., Li, Z.X., 2005. Neoproterozoic bimodal magmatism in the Cathaysia
Block of South China and its tectonic signiﬁcance. Precambrian Research 136,
51–66.
Li, X.H., Li, W.X., Li, Z.X., Liu, Y., 2008. 850–790 Ma bimodal volcanic and intrusive rocks
in northern Zhejiang, South China: a major episode of continental rift magmatism
during the breakup of Rodinia. Lithos 102, 341–357.
Li, X.H., Li, W.X., Li, Z.X., Lo, C.H., Wang, J., Ye, M.F., Yang, Y.H., 2009. Amalgamation
between the Yangtze and Cathaysia Blocks in South China: constraints from
SHRIMP U–Pb zircon ages, geochemistry and Nd–Hf isotopes of the Shuangxiwu
volcanic rocks. Precambrian Research 174, 117–128.
Li, Z.X., Li, X.H., Wartho, J.A., Clark, C., Li, W.X., Zhang, C.L., Bao, C., 2010. Magmatic and
metamorphic events during the early Paleozoic Wuyi–Yunkai orogeny, southeastern
South China: new age constraints and pressure–temperature conditions. Geological
Society of America Bulletin 122, 772.
Lin, W., Wang, Q.C., Chen, K., 2008. Phanerozoic tectonics of south China block: new
insights from the polyphase deformation in the Yunkai massif. Tectonics 27,
TC6004. http://dx.doi.org/10.1029/2007TC002207.
Liu, Y.S., Gao, S., Hu, Z.C., Gao, C.G., Zong, K.Q., Wang, D.B., 2010. Continental and oceanic
crust recycling-induced melt-peridotite interactions in the Trans-North China
orogen: U–Pb dating, Hf isotopes and trace elements in zircons from mantle xeno-
liths. Journal of Petrology 51, 537–571.
Liu, R., Zhou, H.W., Zhang, L., Zhong, Z.Q., Zeng, W., Xiang, H., Jin, S., Lu, X.Q., Li, C.Z.,
2010. Zircon U–Pb ages and Hf isotope compositions of the Mayuan migmatite
complex, NW Fujian Province, Southeast China: constraints on the timing and
nature of a regional tectonothermal event associated with the Caledonian orogeny.
Lithos 119, 163–180.
Ludwig, K.R., 2003. Isoplot 3.00: A Geochronological Toolkit for Microsoft Excel. Berkeley
Geochronology Center, Berkeley, CA.
Ma, Q., Zheng, J.P., Grifﬁn, W.L., Zhang, M., Tang, H.Y., Su, Y.P., Ping, X.Q., 2012. Triassic
“adakitic” rocks in an extensional setting (North China): melts from the cratonic
lower crust. Lithos 149, 159–173.
Machado, N., Simonetti, A., 2001. U–Pb dating and Hf isotopic composition of zircon by
laser-ablation–MC-ICP–MS. Laser Ablation-ICPMS in the Earth Sciences: Principles
and Applications, 29, pp. 121–146.
McDonough, W.F., Sun, S.S., 1995. The composition of the Earth. Chemical Geology 120,
223–253.
Peng, S.B., Jin, Z.M., Liu, Y.H., Fu, J.M., He, L.Q., Cai, M.H., Wang, Y.B., 2006.
Petrochemsitry, chronology and tectonic setting of strong peraluminous anatectic
granitiods in Yunkai orogenic belt, western Guangdong Province, China. Earth
Science-Journal of China University Geology 31, 110–120 (in Chinese with English
abstract).
Ren, J.S., Wang, Z.X., Chen, B.W., Jiang, C.F., Niu, B.G., Li, J.Y., Xie, G.L., He, Z.J., Liu, Z.G.,
1999. The Tectonics of China from a Global View: A Guide to the Tectonic Map of
China and Adjacent Regions. Geological Publishing House, Beijing, pp. 1–32 (in
Chinese).
Sawyer, E.W., 1998. Formation and evolution of granite magmas during crustal
reworking: the signiﬁcance of diatexites. Journal of Petrology 39, 1147–1167.
Sawyer, E.W., 2001. Melt segregation in the continental crust: distribution and move-
ment of melt in anatectic rocks. Journal of Metamorphic Geology 19, 291–309.
Sawyer, E.W., 2008. Atlas of migmatites. The Canadian Mineralogist. : Special Publica-
tion, 9. NRC Research Press, Ottawa, Ontario, pp. 321–327.
Shen, W.Z., Ling, H.F., Sun, T., 2007. Sr, Nd isotope geochemistry of Late Mesozoic granite
and volcanic rocks in South China. Genesis of LateMesozoic Granites and Lithospheric
Dynamics in Nanling Region. Science Press, Beijing, pp. 75–98 (in Chinese).
Shu, L.S., Charvet, J., Shi, Y.S., Faure, M., Cluzel, D., Guo, L.Z., 1991. Structural analysis of
the Nanchang–Wanzai sinistral ductile shear zone (Jiangnan region, South China).
Journal of Southeast Asian Earth Sciences 6, 13–23.
Shu, L.S., Zhou, G.Q., Shi, Y.S., Yin, J., 1994. Study of the high pressure metamorphic
blueschist and its Late Proterozoic age in the eastern Jiangnan belt. Chinese Science
Bulletin 39, 1200–1204.
Shu, L.S., Yu, J.H., Jia, D., Wang, B., Shen,W., Zhang, Y.Q., 2008. Early Palaeozoic orogenic belt
in the eastern segment of South China. Geological Bulletin of China 27, 1581–1593.
Shu, L.S., Faure, M., Yu, J.H., Jahn, B.M., 2011. Geochronological and geochemical fea-
tures of the Cathaysia block (South China): new evidence for the Neoproterozoic
breakup of Rodinia. Precambrian Research 187, 263–276.
Shu, X.J., Wang, X.L., Sun, T., Chen,W.F., Shen,W.Z., 2013. Crustal formation in the Nanling
Range, South China Block: Hf isotope evidence of zircons fromPhanerozoic granitoids.
Journal of Asian Earth Sciences. http://dx.doi.org/10.1016/j.jseaes.2013.01.016.
Spear, F.S., Kohn, M., Cheney, J.T., 1999. P-T paths from anatectic pelites. Contributions
to Mineralogy and Petrology 134, 17–32.
Wan, Y.S., Liu, D.Y., Wilde, S.A., Cao, J.J., Chen, B., Dong, C.Y., Song, B., Du, L.L., 2010. Evo-
lution of the Yunkai Terrane, South China: evidence from SHRIMP zircon U–Pb dat-
ing, geochemistry and Nd isotope. Journal of Asian Earth Sciences 37, 140–153.
Wang, J., Li, Z.X., 2003. History of Neoproterozoic rift basins in South China: implica-
tions for Rodinia break-up. Precambrian Research 122, 141–158.
Wang, Y.J., Fan, W.M., Zhao, G.C., Ji, S.C., Peng, T.P., 2007. Zircon U–Pb geochronology of
gneissic rocks in the Yunkai Massif and its implications on the Caledonian event in
the South China Block. Gondwana Research 12, 404–416.
Wang, X.L., Zhao, G.C., Zhou, J.C., Liu, Y.S., Hu, J., 2008. Geochronology and Hf isotopes of
zircon from volcanic rocks of the Shuangqiaoshan Group, South China: implica-
tions for the Neoproterozoic tectonic evolution of the eastern Jiangnan orogen.
Gondwana Research 14, 355–367.
Wang, Y.J., Zhang, A.M., Fan, W.M., Zhao, G.C., Zhang, G.W., Zhang, Y.Z., Zhang, F.F., Li,
S.Z., 2011. Kwangsian crustal anatexis within the eastern South China Block:
145D. Wang et al. / Lithos 175–176 (2013) 124–145Geochemical, zircon U–Pb geochronological and Hf isotopic ﬁngerprints from the
gneissoid granites of Wugong and Wuyi–Yunkai Domains. Lithos 127, 239–260.
Wang, Y.J., Fan, W.M., Zhang, G.W., Zhang, Y.H., 2013. Phanerozoic tectonics of the
South China Block: key observations and controversies. Gondwana Research 23,
1273–1305.
Wang, X.L., Zhou, J.C., Wan, Y.S., Kitajima, K., Wang, D., Bonamici, C., Qiu, J.S., Sun, T.,
2013. Magmatic evolution and crustal recycling for Neoproterozoic strongly
peraluminous granitoids from southern China: Hf and O isotopes in zircon. Earth
and Planetary Science Letters 366, 71–82.
Weiss, S., Troll, G., 1989. The Ballachulish igneous complex, Scotland: petrography,
mineral chemistry and order of crystallization in the monzodiorite–quartz diorite
suite and in the granite. Journal of Petrology 30, 1069–1115.
Whitney, D.L., Teyssier, C., Fayon, A.K., Hamilton, M.A., Heizler, M., 2003. Tectonic controls
on metamorphism, partial melting, and intrusion: timing and duration of regional
metamorphism and magmatism in the Niğde Massif, Turkey. Tectonophysics 376,
37–60.
Wooden, J.L., Mazdab, F.K., Barth, A.P., Miller, C.F., Lowery, L.E., 2006. Temperatures (Ti)
and compositional characteristics of zircon: early observations using high mass
resolution on the USGS-Stanford SHRIMP-RG. AGU Goldschmidt Conference
Abstracts.
Xu, X.S., O'Reilly, S.Y., Grifﬁn, W.L., Deng, P., Pearson, N.J., 2005. Relict Proterozoic base-
ment in the Nanling Mountains (SE China) and its tectonothermal overprinting.
Tectonics 24, TC2003. http://dx.doi.org/10.1029/2004TC001652.
Xu, X.S., O'Reilly, S.Y., Grifﬁn, W.L., Wang, X.L., Pearson, N.J., He, Z.Y., 2007. The crust of
Cathaysia: age, assembly and reworking of two terranes. Precambrian Research
158, 51–78.
Yao, W.H., Li, Z.X., Li, W.X., Li, W.X., Wang, X.C., Li, X.H., Yang, J.H., 2012. Post-kinematic
lithospheric delamination of the Wuyi–Yunkai orogen in South China: evidence
from ca. 435 Ma high-Mg basalts. Lithos 154, 115–129.
Ye, M.F., Li, X.H., Li, W.X., Liu, Y., Li, Z.X., 2007. SHRIMP zircon U–Pb geochronological
and whole-rock geochemical evidence for an early Neoproterozoic Sibaoan mag-
matic arc along the southeastern margin of the Yangtze Block. Gondwana Research
12, 144–156.
You, Z.D., Zhong, Z.Q., Zhou, H.W., Han, Y.J., 1994. The Geology and Tectonic Evolution
of the Basement in the Yunkai Uplift. China University of Geosciences Press,
Wuhan 3–88.
Yu, J.H., Zhou, X.M., O'Reilly, Y.S., Zhao, L., Grifﬁn, W.L., Wang, R.C., Wang, L.J., Chen,
X.M., 2005. Formation history and protolith characteristics of granulite facies
metamorphic rock in Central Cathaysia deduced from U–Pb and Lu–Hf isotopic
studies of single zircon grains. Chinese Science Bulletin 50, 2080–2089.Yu, J.H., OReilly, Y.S., Wang, L.J., Grifﬁn, W.L., Jiang, S.Y., Wang, R.C., Xu, X.S., 2007. Finding
of ancient materials in Cathaysia and implication for the formation of Precambrian
crust. Chinese Science Bulletin 52, 13–22.
Yu, J.H., Wang, L.J., O'Reilly, S.Y., Grifﬁn, W.L., Zhang, M., Li, C.Z., Shu, L.S., 2009. A
Paleoproterozoic orogeny recorded in a long-lived cratonic remnant (Wuyishan
terrane), eastern Cathaysia Block, China. Precambrian Research 174, 347–363.
Yu, J.H., O'Reilly, S.Y., Wang, L.J., Grifﬁn, W.L., Zhou, M.F., Zhang, M., Shu, L.S., 2010.
Components and episodic growth of Precambrian crust in the Cathaysia Block,
South China: evidence from U–Pb ages and Hf isotopes of zircons in Neoproterozoic
sediments. Precambrian Research 181, 97–114.
Yu, J.H., O'Reilly, S.Y., Zhou, M.F., Grifﬁn, W.L., Wang, L.J., 2012. U–Pb geochronology
and Hf–Nd isotopic geochemistry of the Badu Complex, Southeastern China: impli-
cations for the Precambrian crustal evolution and paleogeography of the Cathaysia
Block. Precambrian Research 222–223, 424–449.
Zeitler, P.K., Chamberlain, C.P., Smith, H.A., 1993. Synchronous anatexis, metamor-
phism, and rapid denudation at Nanga Parbat (Pakistan Himalaya). Geology 21,
347–350.
Zeng, W., Zhang, L., Zhou, H.W., Zhong, Z.Q., Xiang, H., Liu, R., Jin, S., Lü, X.Q., Li, C.Z.,
2008. Caledonian reworking of Paleoproterozoic basement in the Cathaysia
Block: constraints from zircon U–Pb dating, Hf isotopes and trace elements.
Chinese Science Bulletin 53, 895–904.
Zeng, L.S., Gao, L.E., Xie, K.X., Zeng-Liu, J., 2011. Mid-Eocene high Sr/Y granites in the
Northern Himalayan Gneiss Domes: melting thickened lower continental crust.
Earth and Planetary Science Letters 303, 251–266.
Zhang, C., Gao, L., Wu, Z., Shi, X., Yan, Q., Li, D., 2007. SHRIMP U–Pb zircon age of tuff
from the Kunyang Group in central Yunnan: evidence for Grenvillian orogeny in
South China. Chinese Science Bulletin 52, 1517–1525.
Zhao, G.C., Cawood, P.A., 1999. Tectonothermal evolution of the Mayuan Assemblage in
the Cathaysia Block; implications for Neoproterozoic collision-related assembly of
the South China Craton. American Journal of Science 299, 309–339.
Zheng, J.P., Grifﬁn, W.L., Li, L.S., OReilly, S.Y., Pearson, N.J., Tang, H.Y., Liu, G.L., Zhao, J.H.,
Yu, C.M., Su, Y.P., 2011. Highly evolved Archean basement beneath the western
Cathaysia Block, South China. Geochimica et Cosmochimica Acta 75, 242–255.
Zhou, H.W., You, Z.D., Zhong, Z.Q., Han, Y.Q., 1997. Origin of thermal center type of
migmatites in the Yunkai uplift. Earth Science-Journal of China University of
Geosciences 22, 332–338 (in Chinese with English abstract).
